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Abstract 
Psychrophilic species, micro-organisms which are unable to grow at temperatures of or 
above 20°C, are abundant in perennially cold ecosystems across the globe. Intensifying 
scientific investigation of these organisms from ecological to molecular scales has 
underscored the ability of life on Earth to adapt to environments which seem inhospitable due 
to high or low temperatures, high salinity, pressure and light, and ultra-low nutrient 
availability. Psychrophilic organisms that are also photosynthetic represent a much more 
limited group than psychrophiles generally, as their habitats must be well buffered against the 
warming influence of the infra-red energy accompanying sunlight. Photosynthetic 
psychrophiles face the added challenge of balancing the biophysical capture and biochemical 
transformation of light energy. The psychrophilic green alga Chlamydomonas sp. UWO 241 
(hereafter UWO 241) has been the subject of numerous publications, however these are 
mainly focused on adaptations which facilitate life at low temperature as opposed to 
restricting it from moderate ones. In this thesis I critically examine previously published 
phylogenies placing UWO 241 as a strain of Chlamydomonas raudensis, investigate the 
changes in mRNA abundance in UWO 241 in response to high steady-state growth 
temperatures and heat shock using targeted and transcriptome-wide approaches, and 
investigate the regulatory enzymes of the carbon-fixing Calvin-Benson-Bassham (CBB) 
cycle for signs of heat sensitivity using the techniques of Homology Modelling and 
Molecular Dynamics. These investigations revealed that, contrary to previously published 
reports, UWO 241 is not closely related to C. raudensis SAG 49.72. Here, I also show that 
mRNA abundance in UWO 241 does not respond to different steady-state growth 
temperatures or a heat-shock temperature shift regime in ways similar to the related 
mesophile, Chlamydomonas reinhardtii. Additionally, analysis of the regulatory CBB cycle 
enzymes of UWO 241 for indications of heat-lability indicated that glyceraldehyde-3-
phosphate dehydrogenase may be the heat-limited enzyme in this pathway. These findings 
deepen our understanding of the reasons that this Antarctic alga is unable to grow at 
moderate temperatures.  
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Chapter 1  
1 General Introduction and Literature Review  
1.1 Psychrophiles: Environment and Diversity 
Psychrophiles are micro-organisms whose growth and reproduction is restricted to 
temperatures below 20°C (Morita 1975). These organisms differ from those that are 
psychrotolerant (also called psychrotrophs), which will grow at low temperatures, but 
have growth temperature optima above 15°C and maxima above 20°C (Morita and 
Moyer 2001). Thermophiles occupy environments with high temperatures, from above 
45°C to over 100°C (Demirjian et al. 2001) in environments where pressure prevents the 
vaporisation of water. Mesophiles are organisms with thermal niches between these 
better-defined extremes. While environments cold enough to host psychrophilic 
organisms are widespread on the Earth, the remoteness and/or the inaccessibility of these 
habitats may have led investigators to focus on more easily obtainable organisms that are 
able to be cultured. Although psychrophiles have been labelled as being “understudied” 
(Deming 2002, Byrne-Steele et al. 2009), in recent years the scientific community has 
expended efforts towards rectifying this neglect.  
Psychrophiles have generally been isolated from perennially cold environments, which 
are more widespread on Earth than may be realized. Polar and alpine ecosystems have 
habitats which are cold year-round. However a more extensive, and possibly less 
appreciated, cold environment exists in Earth’s oceans, which cover 70% of the surface 
area. Ocean waters colder than 5°C comprise 90% of global ocean volume (Margesin and 
Miteva 2011) providing potential habitats for psychrophiles.  
As has been shown, the potential habitats of psychrophiles across the planet are 
extensive, and so is their actual distribution. Psychrophiles have been isolated from 
highly nutrient-poor snowfields from many different alpine areas (Hoham et al. 2002, 
2002, Leya 2013), from polar lakes, including both saline (Morgan et al. 1998) and 
freshwater (Chauhan et al. 2015), from Antarctic sea ice (Morgan-Kiss et al. 2008) to 
Arctic soils (Trotsenko and Khmelenina 2005). 
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The geographic extent of psychrophiles is mirrored by their phylogenetic diversity. 
Psychrophiles representing all three domains of life (Bacteria, Archaea and Eukaryota) 
have been identified (Margesin and Miteva 2011) as well as cold-active viruses which 
prey on cellular life in cold environments (Wells 2008). Studies of the diversity of 
psychrophilic organisms have focused on sea-ice and glacial bacteria (Yu et al. 2006, 
Simon et al. 2009, Junge et al. 2011, Bowman et al. 2018). These studies show that high 
levels of diversity are present among the psychrophilic members of communities in these 
environments. The hypothesis that “everything is everywhere, the environment selects” 
(Baas-Becking 1934) suggests that specific psychrophiles may have distributions that 
include both polar regions of earth. This has been shown to be true of arctic and Antarctic 
psychrophiles at the genus level but not at the level of species (Gosink et al. 1997). 
1.2 Characteristics of Psychrophiles 
In order to thrive in cold habitats across the globe, common traits (homoplasies) have 
evolved in psychrophilic organisms which are associated with growth and replication at 
low temperatures.  
1.2.1 Cellular Membranes 
The cell’s membranes are dynamic structures that not only separate the interior of living 
cells from their environment and compartmentalize eukaryotic cells, but also host a 
myriad of proteins responsible for signal transduction, ion transport, the movement of 
solutes into and out of cells, anchoring cytoskeletal elements, catalyzing enzymatic 
reactions and are the location of electron transport chains (Alberts et al. 2015). In many 
of these processes, membrane lipids play an active role in the stabilization and function 
of the membrane protein and protein complexes in question (Phillips et al. 2009). For this 
reason, membrane viscosity, or fluidity, must be tuned to both the proteins embedded in it 
and the temperature of the organism’s environment (Mansilla et al. 2004).  
In cyanobacteria and the chloroplasts of plants, 16:0 and 18:0 fatty acids are synthesized 
while bound to Acyl Carrier Protein (ACP) (Nishida and Murata 1996). In plants, 18:0-
ACP can be desaturated by stearoyl-ACP desaturase, but this enzyme has not been found 
in cyanobacteria. After the acyl groups have been incorporated into glycerolipids, they 
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can be desaturated by acyl-lipid desaturases in both cyanobacteria and plants (Nishida 
and Murata 1996). While fatty acyl groups can be desaturated while bound to ACP (in 
plants), in plants and cyanobacteria the most commonly found enzymes are acyl-lipid 
desaturases (Nishida and Murata 1996). An ω-desaturase, which forms a double bond 
between specific carbons relative to the methyl-end of the glyceride, and three Δ-
desaturases, which operate on carbons relative to the carboxyl group, have been identified 
in cyanobacteria (Nishida and Murata 1996). The process of cold-acclimation in 
cyanobacteria and plants involves the synthesis of desaturases (Nishida and Murata 
1996), and the rate of recovery from photoinhibition in plants is inversely related to the 
level of phosphatidylglycerol containing mono-unsaturated fatty-acyl groups (Moon et al. 
1995). Psychrophiles exhibit membrane compositions similar to those observed in cold-
acclimated plants; they maintain membrane fluidity through a greater level of lipid 
desaturation relative to those of organisms living in higher temperature environments 
(D’Amico et al. 2006). 
1.2.2 Antifreeze Proteins and Compatible Solutes 
Some psychrophiles have been found in extreme low temperature environments such as 
sea ice brine channels and permafrost. These organisms have been found to actively 
metabolize (Junge et al. 2006) and even grow (Rivkina et al. 2000) at temperatures as low 
as -20°C. At temperatures below 0°C organisms risk cell membrane rupture through ice 
crystal growth, leading to cell death. Some psychrophiles employ cryoprotectant 
strategies to guard against this eventuality. These strategies include the use of antifreeze 
proteins, which bind to ice crystals preventing their growth (De Maayer et al. 2014), and 
the accumulation of compatible solutes such as trehalose, mannitol, sucrose, glycine and 
betaine, which lower the freezing point of the cytosol (De Maayer et al. 2014). 
1.2.3 Cold-active Enzymes 
Another problematic aspect of life at low temperatures is the exponentially lower reaction 
rates at temperatures typical of the habitats of psychrophiles compared to those of 
mesophiles. The temperature dependence of reaction rates is indicated by the Arrhenius 
equation (1), where k is the reaction rate, A is a reaction-specific constant, Ea is the 
 
4 
activation energy, R is the universal gas constant and T is the temperature (in °K) 
(Arrhenius 1889).  
𝑘𝑘 =  𝐴𝐴𝑒𝑒−𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅      (1) 
ln 𝑘𝑘 = −1
𝑇𝑇
∙
𝐸𝐸𝐸𝐸
𝑅𝑅
+ ln𝐴𝐴     (2) 
ln 𝑘𝑘 = ln𝐴𝐴 − 1
𝑇𝑇
∙
𝐸𝐸𝐸𝐸
𝑅𝑅
      (3) 
The temperature dependence of chemical reactions becomes clearer after taking the 
logarithm of both sides of the equation (2) and re-arranging the factors (3). The location 
of T in the denominator of a negative factor indicates how reaction rates slow for a 
specific reaction at, for example, 0°C compared to 37°C, with other factors being equal. 
When parameters typical of a mesophile’s enzymes are substituted into the Arrhenius 
equation, the reaction rate is 20 – 80 times slower at 0°C than at 37°C (Siddiqui et al. 
2013). In order to overcome the reduction in reaction rate at low temperatures, organisms 
living in perennially cold environments have evolved several strategies to overcome the 
limits on metabolic through-put imposed by life in the cold. One strategy is to produce 
greater amounts of enzymes whose activity is low at the temperatures of the organism’s 
environment (Devos et al. 1998). This would require regulation at transcriptional and/or 
translational levels, but no change in the protein sequence. Production of high levels of 
non-cold-active enzymes to ensure sufficient throughput of a given biochemical step is, 
however, an energetically costly solution for a psychrophile to pursue (Siddiqui et al. 
2013), and this solution obviously may not be applied to every enzyme needed by the 
organism in question. Alternatively, cold-active enzymes are a more elegant and efficient 
approach to the problem of low enzymatic activity at low temperatures. Organisms 
inhabiting perennially low temperature environments have evolved enzymes with high 
catalytic rates (k) at low temperatures in situations where the enzyme in question is not 
constrained to a form without the capacity to become cold-active (Brenchley 1996). 
While possible, no reports of post-translational modifications conferring cold-activity to 
an enzyme have been published, to my knowledge. 
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1.3 Photosynthetic Psychrophiles 
The extent of potential habitats for photosynthetic psychrophiles is considerably smaller 
than that of psychrophiles generally. Photosynthetic psychrophiles are restricted to 
environments that both receive sufficient solar light energy to support a population and is 
perennially cold. This latter requirement means that a potential habitat must be well 
buffered from heating by the infra-red energy that accompanies solar light energy. One 
such thermally buffered habitat type exists in polar and alpine aquatic environments. 
Photosynthetic psychrophiles have been identified in algal groups including 
Stramenoples, Alveolata, Hacrobia, Archaeplastida and Excavata (Cvetkovska et al. 
2017) (Fig. 1.1).  
 
Fig. 1.1 Eukaryotic algal tree emphasizing groups having identified psychrophilic 
algae (reproduced with permission from Cvetkovska et al. (2017)). Lineages known 
to include psychrophilic species are enclosed in blue boxes, with the total number of 
identified species/number of psychrophilic species following the group name. 
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Phylogenetic relationships are not necessarily reflected by the branching pattern. 
Dashed lines represent groups with uncertain positions in the tree. 
At low temperatures, the rates of the biophysical processes of the photosynthetic electron 
transport chain are undiminished, but the biochemical sinks of photosynthetic electrons 
are weaker than at warmer temperatures. To balance the rates of the biophysical 
processes of light absorption, energy transfer and photochemistry with the biochemical 
consumption of energy captured and transformed through biophysics, adaptation of the 
photosynthetic apparatus to favour photosynthetic electron consumption is required. 
Oxygenic photosynthesis is comprised of two spatially separated processes with different 
rates and temperature sensitivities (Ensminger et al. 2006). Light adsorption, which raises 
the redox potential of electron carriers in the reaction centres of PSII (P680) and PSI 
(P700)(Fig. 1.2), is a rapid photobiophysical process (~10-15 – 10-12 s) which is 
temperature-independent (Ensminger et al. 2006, Hüner and Grodzinski 2011). The 
biochemical sinks for photosynthetic electrons, chiefly the carbon-fixing Calvin-Benson-
Bassham cycle (CBB) but also various other cellular processes such as nitrogen and 
sulphur fixation (Hüner et al. 2003), are slower (~10-3 – 100 s), temperature-dependent 
processes (Ensminger et al. 2006, Hüner and Grodzinski 2011). Thus, photosynthetic 
organisms must photoacclimate (Falkowski and Chen 2003) to balance the energy 
absorbed photobiophysically versus energy utilized biochemically. The maintenance of 
cellular energy balance is called photostasis (Melis 1999, Hüner et al. 2003) and 
photosynthetic organisms must maintain photostasis throughout the range of temperatures 
and light intensities they encounter. Should they fail to do so, they risk being out-
competed by organisms that use light energy more efficiently or, alternatively, endure 
energetically costly photoinhibition and the high levels of reactive oxygen species (ROS) 
that can result from over-excitation of the photosynthetic electron transport chain 
(PETC)(Rochaix 2014), which can lead to cell death under chronic conditions.  
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Fig. 1.2 The photosynthetic electron transport chain (PETC) flows through the 
pigment-protein complexes of the thylakoid membrane from the electron donor 
water (H2O) to the electron acceptor, NADP. Electron movements/translocation of 
electron carriers are depicted with black arrows. Hydrogen ion movements are 
depicted by white arrows. Chemical reactions are depicted with red arrows. 
Adapted from Wilson et al. (2006) with permission. Abbreviations PSII – 
Photosystem II; LHCII – Light Harvesting Antenna of PSII; cyt b6f – cytochrome 
b6f complex; PSI – Photosystem I; ATP – Adenosine tri-phosphate; PQ – 
Plastoquinone; PC – Plastocyanin; Fd – Ferredoxin. 
On a short term basis, the absorption of photons by Photosystems I and II (PSI and PSII 
respectively) of the PETC must be balanced with the oxidation of the electron carriers 
they reduce. If PSII photochemistry exceeds PSI photochemistry or the capacity of the 
CBB to utilize photosynthetic electrons, plastoquinone (PQ), becomes over-reduced (Fig. 
1.2). In this situation, photosynthetic organisms can modulate the balance of light energy 
incident upon PSII and PSI through a process called State Transitions (Fig. 1.3). Under 
such conditions, a redox-sensitive kinase phosphorylates the light harvesting complex of 
PSII (LHCII) which results in the dissociation of LHCII from PSII and facilitates its 
association with PSI. This transition of LHCII from PSII (State I) to PSI (State II) 
balances the activity of PSII and PSI as the energy of photons captured by PSI-associated 
LHCII is transferred to electrons in the PSI core (Fig. 1.3). This transition also coincides 
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with a switch from primarily linear (H2O to NADP+) to cyclic electron flow around PSI 
(Wollman 2001), decreasing the amount of NADPH produced, which can correct 
imbalances in photosynthetic electron production and consumption (Rochaix 2011). In 
addition, long-term photoacclimation may involve alteration in the stoichiometry of PSII 
and PSI which is regulated at the transcriptional and translational levels (Fujita et al. 
1994). For photosynthetic psychrophiles, either the biochemical sinks for the 
consumption of photosynthetic electrons must be adapted to function at low temperature 
and/or the light harvesting capacity of the PSII and PSI must be reduced relative to 
mesophiles to maintain photostasis. Alternatively, the psychrophile may adjust PSII/PSI 
stoichiometry. 
Despite the diversity of Eubacterial psychrophiles (Struvay and Feller 2012), to date few 
photosynthetic cyanobacterial psychrophiles have been identified (Nadeau and 
Castenholz 2000), although many cold-tolerant isolates have been identified (Quesada 
and Vincent 2012). Of Eukaryotic algae, over half of the known photosynthetic 
psychrophiles identified in a recent review were isolated from circumpolar oceans, Arctic 
and Antarctic lakes (Cvetkovska et al. 2017).  
One of the most intensively studied psychrophilic eukaryotic algae is the diatom 
Fragilariopsis cylindrus. This species is abundant on the margins of the Antarctic ice 
pack (Kang and Fryxell 1992), and diatoms are generally more abundant in the polar 
oceans than in temperate oceans due to the higher silicate concentrations found in 
circumpolar waters (Mock and Junge 2007). Fragilariopsis cylindrus has had its genome 
sequenced and assembled which has provided insight into the molecular basis of 
adaptation of this species to the extreme and highly variable environment it inhabits 
(Mock et al. 2017). Roughly one-quarter of the loci in the diploid genome of F. cylindrus 
were found to have alleles which were highly divergent from each-other (Mock et al. 
2017). These alleles were preferentially expressed under growth conditions that were in 
some way different from the optimal growth conditions, indicating that the allelic 
diversity is required for acclimation to the highly variable environment, ranging from 
constantly illuminated open ocean to ice-pack brine channels in consistent darkness that 
F. cylindrus inhabits (Mock et al. 2017). 
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Fig. 1.3 The chloroplasts of plants and green algae contain thylakoid membranes 
arranged into stromal lamellae and grana stacks (a, b). Under State I (b) LHCII is 
associated with PSII and appresses adjacent thylakoid membranes in grana stacks, 
excluding PSI and the ATP synthase thus resulting in lateral heterogeneity of the 
thylakoid membrane. When PSII activity is greater than that of PSI, plastoquinone 
becomes over-reduced (see Fig. 1.2) and a redox-sensitive kinase (not depicted) 
phosphorylates LHCII, spurring a State Transition. Phospho-LHCII causes 
destacking of granal thylakoid membranes, thus the grana stack structures are lost, 
and thylakoid membrane constituents are free to diffuse throughout the membrane 
resulting in lateral homogeneity (c). This thylakoid membrane organization is in 
State II, in which LHCII can become associated with PSI, correcting the energy 
imbalance between PSII and PSI. Figure adapted from Mirkovic et al. (2017) (with 
permission) to incorporate findings of Nagy et al. (2014). Abbreviations PSII – 
Photosystem II; LHCII – Light Harvesting Antenna of PSII; PSI – Photosystem I; 
ATP – Adenosine tri-phosphate. 
Psychrophilic algae of the order chlamydomonadales are of particular interest since a 
mesophilic species of this order, Chlamydomonas reinhardtii, has been the subject of 
very intense scientific scrutiny and is considered the model for the molecular biology of 
photosynthesis (Rochaix 2002, Harris et al. 2009, Rochaix 2011, 2014). Additionally, the 
chlamydomonadales are Chlorophytes, found within the kingdom Viridiplantae, which 
include the land plants. Thus, insight into how the photosynthetic apparatus of plants in 
cold environments is adapted may be gained from the study of psychrophilic Chlorophyte 
species. Chlamydomonas reinhardtii is an excellent basis of comparison for studies of 
psychrophilic Chlamydomonads due to the immense volume of scientific literature 
regarding the molecular biology and physiology of photosynthesis in this closely related 
model mesophile (Rochaix 2002, 2011, 2014). This body of knowledge combined with 
the relative abundance of identified and characterized psychrophilic Chlamydomonads 
may allow identification of traits putatively associated with cold-adaptation and 
psychrophily in the Viridiplantae.  
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1.4 Psychrophilic Chlamydomonad Habitats and Diversity 
A recent review of psychrophilic algae listed 23 psychrophilic Chlamydomonad species 
that have been identified and the subject of scientific publication(s) (Cvetkovska et al. 
2017). Of these species 11 were isolated from Antarctic and one species from Arctic 
regions such as the circumpolar oceans and ice-covered lakes. Eleven species were found 
at high altitudes but lower latitudes (Cvetkovska et al. 2017).  The high-altitude isolates 
are mostly ‘snow algae’ found growing on alpine snowpack, which would represent a 
highly nutrient limited environment (Harrold et al. 2018). The polar species were isolated 
from the ocean, icepack or hypersaline polar lakes, which would present these species 
with osmotic stress. Isolated psychrophilic Chlamydomonads have been identified as 
members of the Moewusinia, Monadina, Chloromonadinia and Desmotetra clades (sensu 
Nakada et al. (2008))(Cvetkovska et al. 2017)(Fig. 1.4). 
1.5 Characteristics of Chlamydomonad Psychrophiles 
Psychrophilic Chlamydomonad algae have been the subject of many fewer studies than 
psychrophiles generally, or even photosynthetic psychrophiles. Roughly one-quarter of 
identified psychrophilic algae are members of the Chlamydomonadales (Cvetkovska et 
al. 2017). To date, studies of Chlamydomonad psychrophiles have focused on two 
distinct isolates, Chlamydomonas sp. UWO 241, isolated from a perennially ice-covered 
Antarctic lake, Lake Bonney (Neale and Priscu 1995, Morgan-Kiss et al. 2006), 
Chlamydomonas sp. ICE-L which was found on floating ice near the Zhongshan 
Research Station, Antarctica (Liu et al. 2006). Also, although not all such isolates are 
psychrophiles, a group of species collectively called ‘Snow algae’, typically found 
growing on glaciers or alpine snowpack (Hoham et al. 2002, Leya 2013), have been the 
subjects of intensive scientific investigation. The identification of common traits which 
convergently evolved in different lineages of Chlamydomonad algae and are beneficial 
for life at low temperatures, based on the scientific literature, is constrained by the scope 
of published scientific investigations of these algae. This task is complicated by the fact 
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Fig. 1.4 Phylogeny of Chlamydomonad clades (sensu Nakada et al. (2008)) based on 
18S rRNA sequences. Psychrophilic species within depicted clades are indicated in 
blue boxes, while notable species of depicted clades appear in yellow boxes. 
Reproduced from Cvetkovska et al. (2017) with permission. 
that the type of studies published about the three best characterized psychrophilic 
Chlamydomonad algal types are strongly influenced by the research groups which focus 
on these isolates/species. Investigations of UWO 241 by Hüner and colleagues have 
focused on the physiology and molecular biology of photosynthesis, while studies 
involving C. sp. ICE-L have focused on the biochemistry of individual enzymes and have 
predominantly been associated with the Key Laboratory of Marine Bioactive Substances, 
The First Institute of Oceanography, State Oceanic Administration, Qingdao, China. 
Since Snow algae have been collected by different scientific groups from different 
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habitats (Müller et al. 1998, Muramoto et al. 2008, Lutz et al. 2014, Matsuzaki et al. 
2014), no single scientific perspective or isolate/species dominates published studies 
involving them. Many studies of algae from this extreme habitat focus on taxonomic 
identification (Müller et al. 1998, Muramoto et al. 2008, Lutz et al. 2014, Matsuzaki et al. 
2014) and photoprotection (Bidigare et al. 1993, Leya et al. 2009, Leya 2013). 
The membrane lipids of these psychrophilic Chlamydomonads have been found to be less 
saturated than those of related mesophiles. The total level of saturated lipids in C. sp. 
UWO 241 grown at 8°C was 10.9% (Morgan-Kiss et al. 2002b) while in C. sp. ICE-L the 
total was ~15% for cells at 10°C (An et al. 2013). For C. reinhardtii grown at 29°C the 
total saturated lipid content was 23.4% (Morgan-Kiss et al. 2002b), showing that the level 
of saturated lipid was lower in psychrophilic species than in related mesophiles which is 
consistent with the maintenance of membrane fluidity in these organisms at their growth 
temperatures.  
Several publications involving the isolate C. sp. ICE-L have been focused on the cloning, 
expression and characterization of proteins from this Antarctic marine alga. Over 75 
protein sequences from ICE-L are available in public databases, which is the greatest 
number for any psychrophilic Chlamydomonad. The most abundant types of sequences 
are DEAD-box RNA Helicases, followed by lipid-synthesis and modifying enzymes such 
as desaturases. The activity of these enzyme families, however, remain uncharacterised. 
Published studies detailing the cloning, purification and characterisation of proteins from 
ICE-L have focused on calmodulin, the pore forming major intrinsic protein, and the 
enzymes glutathione reductase and α-carbonic anhydrase. These studies all feature amino 
acid alignments comparing the protein from ICE-L to homologues from related 
organisms, phylogenetic trees showing what organisms are more or less related to ICE-L 
based on protein similarity, and real-time quantitative Polymerase Chain Reaction 
(qPCR) analysis of the changes in abundance of the relevant transcript in response to 
various stresses (Ding et al. 2012, He et al. 2017, Li et al. 2017, Qu et al. 2018). These 
studies do not, however, compare the protein being characterised to homologues from 
related mesophiles, except through the phylogenetic trees and amino acid sequence 
alignments (Ding et al. 2012, He et al. 2017, Li et al. 2017, Qu et al. 2018), missing the 
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opportunity for a more insightful analysis with the potential to add to our knowledge of 
cold-active proteins.  
Studies involving comparison of cold-active proteins, often called ‘cold-adapted’ 
enzymes/proteins or ‘psychophilic enzymes’ in the literature, with those from mesophilic 
organisms with a moderate temperature niche have formed the basis of various theories 
regarding the structural basis of enzyme cold-activity. The low-temperature activity of 
enzymes has been attributed to their flexibility, either of the enzyme as a whole or 
specifically of the active site (Collins et al. 2008). This flexibility allows the enzyme-
substrate complex to explore conformational means of overcoming the transition state 
free energy barrier in the reaction co-ordinate that would, in ‘classical’ or warm-active 
enzymes, be overcome with enthalpy (Siddiqui and Cavicchioli 2006). The flexibility that 
allows reactions to proceed at low temperatures is hypothesized to make cold-active 
enzymes more susceptible to thermal denaturation (Siddiqui and Cavicchioli 2006). 
1.6 Characteristics of Chlamydomonas sp. UWO 241 
One of the most intensively studied psychrophilic Chlamydomonadales is 
Chlamydomonas sp. UWO 241 (Figs. 1.5 and 1.6). This species has been the subject of 
publications involving of the biophysics and molecular biology of photosynthesis by 
Hüner and colleagues for two decades (reviewed by Morgan-Kiss et al. 2006, Pocock et 
al. 2007, Szyszka et al. 2007, Pocock et al. 2011, Possmayer et al. 2011, Szyszka-Mroz et 
al. 2015). In addition to having a lower percentage of saturated fatty acids in its cellular 
membranes than C. reinhardtii (Morgan-Kiss et al. 2002b), C. sp. UWO 241 has low 
levels of PSI core proteins (Morgan et al. 1998), low PSI activity relative to C. 
reinhardtii (Morgan-Kiss et al. 2002b) but faster dark re-reduction of PSI representing 
greater cyclic electron flow around PSI (Morgan-Kiss et al. 2002b). This strain was the 
first organism identified to be naturally deficient in photoacclimatory state transitions 
(Morgan-Kiss et al. 2002a), which has been attributed to the fact that UWO 241 
preferentially phosphorylates a subunit of a PSI-Cyt b6/f supercomplex rather than LHCII 
to regulate the flow of electrons in the thylakoid membrane (Szyszka-Mroz et al. 2015). 
In UWO 241, rates of chronic photoinhibition, a protective mechanism that compensates 
for the potential destruction of the PSII core protein D1 when light absorption exceeds 
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the capacity of sinks for photosynthetic electrons, is similar at 8 and 29°C (Pocock et al. 
2007).  
Despite originating from the perennially ice-covered Lake Bonney, Antarctica (Neale and 
Priscu 1995), an environment of extreme low light (10 – 15 µmol photons m-2 s-1 during 
the austral summer)(Lizotte and Priscu 1992), low temperature (5 – 6°C year 
round)(Lizotte and Priscu 1992) and salinity 15 – 20% higher than that of seawater 
(~0.7M NaCl)(Lizotte and Priscu 1992), UWO 241 grows more quickly at higher light 
intensities and temperatures (e.g. 200 µmol photons m-2 s-1 and 15°C) and at lower 
salinities (e.g. 10 mM NaCl) than experienced in its natural environment (Morgan et al. 
1998, Possmayer et al. 2011). 
 
 
 
Fig. 1.5 Light micrographs of C. sp. UWO 241 (A-C) and related mesophile 
Chlamydomonas raudensis SAG 49.72 (D-F). Labels indicate palmelloid colony (Pa) 
and cells’ chloroplast (C), eyespot (E), flagellum (F), pyrenoid (P) and apical vacuole 
(V). Reprinted from Possmayer et al. (2016) with permission.  
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Fig. 1.6 Electron micrographs of C. sp. UWO 241 single cells (a and c) and 
palmelloid (b). Labels indicate Flagella (F), Nucleus (N), Chloroplast (C), Golgi 
apparatus (G), Pyrenoids (P), Mitochondria (M), Membrane (Mb), Papilla (Pa) and 
outpocketings of the flagellar membrane (DF). Reprinted from Pocock et al. (2004) 
with permission.  
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1.7 Phylogeny of UWO 241 
The alga currently named Chlamydomonas sp. UWO 241 has been classified and re-
classified several times. This isolate was initially classified as Chlamydomonas 
subcaudata Wille (Neale and Priscu 1995) and subsequently as Chlamydomonas 
raudensis Ettl (Pocock et al. 2004). Findings inconsistent with UWO 241 being closely 
related to the type strain of C. raudensis were noted, such as those obtained with 
Differential Display (Possmayer 2009) and Random Amplification of Polymorphic DNA 
(Gupta 2013). This led to the re-sequencing of the 5.8S rDNA and the transcribed spacers 
which surround it, the sequences that led to the classification of UWO 241 as a strain of 
C. raudensis. As discussed in Chapter Two, both of these classifications were abandoned 
for the current specific epithet-less designation Chlamydomonas sp. UWO 241 
(Possmayer et al. 2016). Since the intensity of research regarding UWO 241 has 
motivated suggestions that it serve as a model for the cold-adaptation of photosynthesis 
(Morgan-Kiss et al. 2006, Dolhi et al. 2013), just as C. reinhardtii has for photosynthesis 
generally, the correct phylogenetic placement of this species is scientifically important in 
that it assists in the selection of controls for experiments and in the identification of 
closely related species to serve as an experimental basis of comparison.  
The alga most closely related to UWO 241, Chlamydomonas sp. RCC2488 (hereafter 
RCC2488), was isolated from the waters of the Beaufort Sea (Roscoff Culture 
Collection), which lies at the opposite end of the Pacific Ocean from the source of UWO 
241, the Antarctic Lake Bonney. The available partial 18S rDNA sequences of UWO 241 
and RCC2488 are nearly identical, having 1618/1619 nucleotide identities (Genbank 
accessions KP313859 and JN934686 respectively)(Balzano et al. 2012). The D1–D2 
region of the 28S rDNA from each of these two strains are also more similar to each 
other than to any other in the NCBI nucleotide database, having 527/539, or 98% 
nucleotide identities (Genbank accessions KP313859 and MG88942). While no 
information regarding RCC2488 has been published (besides its close relation to UWO 
241 (Balzano et al. 2012)), it has been confirmed as a psychrophile (Possmayer, 
unpublished data) and has a similar 77K fluorescence emission spectrum to UWO 241 
(Szyszka-Mroz, unpublished data), suggesting that, like UWO 241 (Morgan-Kiss et al. 
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2002a), RCC2488 is deficient in photoacclimatory State Transitions, which are one 
means at a photosynthetic organism’s disposal for maintaining photostasis and energy 
balance between PSI and PSII (Hüner et al. 2003). RCC2488 was isolated from waters 
collected from a depth of 3m in the Beaufort Sea north of the Yukon Territory, Canada, 
which raises the possibility that organisms very much like UWO 241 have a 
cosmopolitan distribution. It has been suggested that aspects of the photosynthetic 
physiology of UWO 241 could be the result of random genetic drift (Hartl and Clark 
2006) of an isolated population in a low-competition habitat (Cvetkovska et al. 2017) 
and/or a fitness-enhancing adaptation (Hartl and Clark 2006) to the extreme, but stable 
environment of Lake Bonney (Morgan et al. 1998, Morgan-Kiss et al. 2006, Cvetkovska 
et al. 2017). The discovery that the isolate most closely related to UWO 241 shares some 
of its characteristics and originates from an open marine habitat suggests that neither 
random genetic drift nor adaptation to the environment of Lake Bonney led to these 
common traits.  
Like UWO 241 and RCC2488, the Antarctic ecotype of the vascular plant Colobanthus 
quitensis also shows a limited capacity to perform state transitions (Bravo, Ivanov and 
Hüner, unpublished data). This ecotype represents one of two species of vascular plants 
currently known to be endemic to the Antarctic peninsula (Bravo et al. 2001, 2007, Cuba-
Díaz et al. 2017). The responses to an imbalance in light absorption between PSII and 
PSI in C. quitensis and the two strains of Chlamydomonas provide a good example of 
how the photosynthetic apparati of diverse members of the Viridiplantae may have 
adapted to low-temperature activity in similar ways, and illustrates how knowledge of 
microalgae such as Chlamydomonads can inform experiments on vascular plants. 
1.8 Evolution of Cold Adaptation and Psychrophily in 
Microorganisms 
Various hypotheses regarding the evolution of psychrophily have been offered in the 
literature. Since there is no indication in the fossil record of the thermal niche of 
microorganisms contained therein, these ideas are, for the most part, unverifiable and 
unfalsifiable speculation. One such hypothesis is that psychrophily evolves when an 
organism with a broad temperature niche, including the ability to grow at low 
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temperatures, becomes more highly adapted to  a low temperature habitat and loses the 
ability to survive moderate temperatures (Cvetkovska et al. 2017). It has been 
hypothesised that this planet passed through multiple phases of global glaciation, or 
‘snowball Earth’, persisting for tens of millions of years during a period between 1 Ga 
and 500 Ma ago (Hyde et al. 2000). If this was the case, selective pressure for cold 
adaptation would have been ubiquitous and much of life on earth may have been 
psychrophilic (Cvetkovska et al. 2017). However, the current phylogenetic distribution of 
identified psychrophilic algae (Cvetkovska et al. 2017) shows relatively few 
psychrophiles which do not branch from basal nodes amongst a background of 
mesophilic species. This suggests that if psychrophily was an ancestral trait it was lost 
before the diversification into extant organisms, and regained in lineages inhabiting low 
temperature environments. Independently of the evolutionary history of these organisms, 
what truly distinguishes psychrophiles from mesophiles, however, is the inability of the 
former to grow at temperatures above 20°C (Morita 1975), in other words their low 
tolerance of heat. 
1.9 Heat Stress 
The vast array of bio- and physio-chemical processes occurring in a living cell each 
possess their own temperature optima, below or above which the efficiency of each 
individual process falls. Determination of the optimum temperatures of all individual 
processes for any organism would, however, be an in-depth exercise of questionable 
value. Independently of how close to their temperature optima individual processes may 
be, it is useful to consider growth and reproduction to be the foremost metric of life. 
From this perspective, the reduction in rates of growth and reproduction at temperatures 
higher than optimal for a specific organism is considered to be a result of heat stress. 
1.9.1 Characteristics of the Heat Shock Response in C. reinhardtii 
The Heat Shock Response (HSR) is a highly conserved set of pathways (Mittler et al. 
2012) present in all domains of life (Richter et al. 2010), the Archaea (Trent 1996), 
Bacteria (Yura et al. 1993) and Eukarya (Pelham 1985). In C. reinhardtii the HSR can be 
elicited by abruptly increasing the incubation temperature by 15 – 20°C from the standard 
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growth temperatures of 20 – 25°C (Schroda et al. 2015); the exact threshold temperature 
of the HSR is dependent on the strain of C. reinhardtii and the growth conditions 
(Schroda et al. 2015). Such a temperature shift regime would be referred to as a naïve or 
un-primed heat shock. If the heat shock is applied after exposure to a high but non-lethal 
temperature, or is the culmination of a gradual increase in temperature, the heat shock is 
said to be primed (Larkindale and Vierling 2008). These pre-treatments, the latter more 
effectively than the former, can confer heat tolerance in plants, reducing the lethality of 
heat shock treatments (Larkindale and Vierling 2008). This acquired thermotolerance 
(Song et al. 2012) may be maintained  through epi-genetic (Bäurle 2016) and/or micro-
RNA (Stief et al. 2014) –based mechanisms, which is called stress memory (Ohama et al. 
2017).  
In plants, the primary site of heat stress perception is the plasma membrane (Saidi et al. 
2009). It has been shown that a temperature-sensitive calcium channel, which may be 
responding to changes in membrane fluidity, opens in response to mild heat stress (Saidi 
et al. 2009) at a temperature which would cause minimal protein denaturation (Mittler et 
al. 2012). The calcium influx prompts a signalling cascade involving calmodulin (Liu et 
al. 2008) and protein kinases such as the calcium/calmodulin-binding protein kinase 
which phosphorylates a heat-shock transcription factor (HSF)(Liu et al. 2008). This 
transcription factor binds to the promoters of heat-stress responsive genes, such as those 
of Heat Shock Proteins (HSP), activating the HSR (von Koskull-Döring et al. 2007). The 
location of a calcium-channel linked heat/membrane fluidity sensor in the plasma 
membrane is supported by findings that plasma membrane fluidizers stimulate the HSR 
(Saidi et al. 2009) and calcium chelators and calcium channel blockers inhibit the HSR 
(Mittler et al. 2012). This may, however, not be the case in C. reinhardtii, where the 
calcium chelators BAPTA, but not EGTA, reduced the rate and magnitude of HSP 
transcript accumulation in heat shocked cells (Schmollinger et al. 2013). Whether or not 
an extra-cellular calcium flux activates the HSR in C. reinhardtii, the signalling cascade 
resulting in gene expression associated with the HSR also involves a protein kinase(s), as 
the protein kinase inhibitor staurosporine delayed increases in HSP transcript abundances 
(Schmollinger et al. 2013). 
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The HSR in C. reinhardtii has been divided into five discrete sub-responses which are 
necessary for the cell to survive heat stress and resume growth and reproduction as 
temperature allows (Hemme et al. 2014). The extent to which these physiological 
disruptions are individually sensed and responded to versus the extent to which they are 
co-ordinately controlled in C. reinhardtii remains unclear (Fig. 1.7)(Schroda et al. 2015). 
These sub-responses are:  
1. Cell cycle arrest prevents errors being introduced by heat-sensitive DNA polymerases 
as well as failure of the mitotic apparatus (Hemme et al. 2014). The size of C. reinhardtii 
cells do, however, continue to increase during heat shock (Hemme et al. 2014).  
2. The catabolic production of compatible solutes which protect membranes and proteins 
from heat-induced damage (Hemme et al. 2014).  In C. reinhardtii, thermoprotectants 
glycerophosphoglycerol, and guanosine concentrations peak early in heat shock (before 3 
hours), while trehalose, alanine, isoleucine, asparagine and glutamine concentrations 
continued rising through 24 hours of heat shock (Hemme et al. 2014, Schroda et al. 2015) 
3. The cessation of ‘bulk’ protein production and the transcription and translation of 
HSPs and other molecular chaperones (Schulz-Raffelt et al. 2007, Schroda et al. 2015) is 
a well-known aspect of the HSR (Schroda and Vallon 2009). Expression of HSPs has 
been used in many studies as a marker that the HSR has been triggered (Schroda et al. 
2015). In plants, however, HSP expression is properly considered to be merely a marker 
of disruption in protein folding from native states known as the Unfolded-Protein 
Response (UPR)(Schroda et al. 2015), and not necessarily indicative of the widespread 
modulation of the transcripts, proteins, metabolites and lipids of the cell that takes place 
during the HSR (Mittler et al. 2012, Schroda et al. 2015). The UPR can be elicited by 
agents, such as the arginine analogue canavanine, that disrupt normal protein folding in 
the absence of heat stress/shock (Schmollinger et al. 2013). The HSPs and other 
molecular chaperones expressed as part of the HSR serve to prevent denatured proteins 
from forming cytotoxic aggregates, refold misfolded proteins, and disaggregate and 
refold or degrade, thus detoxify, protein aggregates (Schroda and Vallon 2009).  
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4. The diversion of photosynthetic electrons from CO2 fixation (mediated by the 
inactivation of Rubisco Activase) to the production of fatty acids for membrane lipids 
having an appropriate fluidity at the elevated temperature conditions, a process called 
homeoviscous adaptation of membranes (Hemme et al. 2014).  
5. The resumption of the CBB cycle, growth and reproduction after cellular structures 
have been stabilized as detailed above, if the temperature permits (Hemme et al. 2014). 
After homeoviscous adaptation has taken place, the CBB cycle resumes as an electron 
sink for the PETC, although some decoupling of LHCI and LHCII from their 
photosystems takes place with longer heat shock durations, leading to a reduced rate of 
linear electron flow (Hemme et al. 2014).  
These heat-stress sub-responses, along with the period in which they occur, are depicted 
in Fig. 1.7. Most of these responses begin rapidly after the beginning of heat stress in C. 
reinhardtii (Fig. 1.7), while considerably fewer processes, notably the resumption of 
protein homeostasis and the remodelling of lipid membranes occur within 3 hours of heat 
stress (Fig. 1.7)(Schroda et al. 2015). Changes occurring between 3 and 24 hours of heat 
stress involve the resumption of photosynthesis with increased capacity for the 
scavenging of Reactive Oxygen Species (Schroda et al. 2015). 
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Fig. 1.7 Model of the changes in cellular pathways and signalling cascades under 
heat stress in Chlamydomonas reinhardtii. Adapted from Schroda et al. (2015) with 
permission.  
1.9.2 Heat Shock and the Photosynthetic Apparatus 
As discussed above (4, 5), there are significant intersections between heat stress/shock 
and the photosynthetic apparatus of C. reinhardtii. Heat shock has been shown to cause 
decreases in the abundance of 30 photosynthesis-related proteins, including 13 CBB 
cycle proteins, although the decline in abundance was limited (up to 15%) for most 
proteins (Mühlhaus et al. 2011). This, combined with the decreases in CBB cycle 
intermediates and products such as 3-phosphoglycerate, glucose-6-phosphate and 
fructose-6-phosphate during heat stress, contributes to the hypothesis that carbon fixation 
is reduced during the early stages of heat stress (Hemme et al. 2014), as is the case in 
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plants (Sharkey 2005). It has been further hypothesised that the diversion of 
photosynthetic electrons from carbon fixation to fatty acid synthesis for homeoviscous 
adaptation and the subsequent re-activation of the CBB cycle is controlled by an adaptive 
heat susceptibility of the enzyme Rubisco Activase (RCA1) (Hemme et al. 2014). 
Rubisco Activase is known to be heat-sensitive in plants (Salvucci et al. 2001) and 
responds to heat stress in C. reinhardtii (Mühlhaus et al. 2011), where a 30% decline in 
RCA1 abundance was observed during a 180 minute heat shock despite an increase in the 
abundance of its transcript (Mühlhaus et al. 2011). The situation is, however, 
considerably different after 24 hours of heat shock; the abundance of RCA1 is 60% above 
control levels at this time-point (Hemme et al. 2014), corresponding to a resumption of 
photosynthesis as indicated by increases in concentration of the photosynthetic 
intermediates and products mentioned above (Hemme et al. 2014). This, combined with 
the observation that the chloroplastic heat shock chaperone CPN60β protects RCA1 
(Salvucci 2008) in Arabidopsis thaliana, has led to speculation that the effective down-
regulation of the CBB cycle during the initial stages of heat stress is mediated by RCA1 
(Sharkey 2005) for the purpose of temporarily re-directing reducing power towards the 
fatty acid synthesis needed for homeoviscous adaptation (Schroda et al. 2015). 
1.9.3 Heat Stress and Heat Shock in Psychrophiles 
The investigation of heat stress and heat shock in psychrophiles is not the subject of 
many studies in the scientific literature. The solitary review of the heat shock responses 
of cold-adapted microorganisms focuses as much on psychrotolerant bacteria as on 
genuine psychrophiles (Yamauchi et al. 2013). One psychrotolerant bacterium, Colwellia 
maris ABE-1 does respond to heat shock priming with enhanced survival at lethal 
temperatures following this pre-treatment (Yamauchi et al. 2013). Additonally, HSP 
transcripts are up-regulated in this species, as well as in the psychrotolerant bacterium 
Pseudoaltermonas haloplanktis TAC125 and the psychrophile Colwellia psychrerythraea 
34H following high (but not lethal) temperature treatments (Yamauchi et al. 2013). This 
is also the case in the psychrophilic yeast Candida psychrophila (Yamauchi et al. 2013), 
although surprisingly this species does not exhibit higher levels of HSPs 60, 70 or 90 
after a heat shock treatment (Deegenaars and Watson 1997).  
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Reports of heat stress and shock in photosynthetic psychrophiles are similarly scarce in 
the scientific literature. To my knowledge, UWO 241 is the only subject of published 
investigations of the effects of high temperatures on photosynthetic psychrophiles. In 
UWO 241, anecdotal observations regarding its response to supra-optimal temperatures 
include the findings that this psychrophile exhibits positive phototaxis at 24°C but not at 
temperatures permissive of growth (Pocock et al. 2004), an equal susceptibility to chronic 
photoinhibition at 8 and 29°C (Pocock et al. 2007), and that light saturated rates but not 
light limiting rates of carbon-fixation in UWO 241 were sensitive to high temperature 
relative to a related mesophile. However, the activity of purified RUBISCO did not 
exhibit a differential heat sensitivity (Dolhi 2014). The only publication focusing on the 
response of UWO 241 to supra-optimal temperatures found that while shifting incubation 
temperature from near optimal to 24°C was lethal to this psychrophile (LT50 = 43.7 
hours), a 12 hour shift to this temperature was minimally lethal (<10%)(Possmayer et al. 
2011). Twelve hours of exposure to 24°C did, however, disrupt photosynthetic electron 
transport moderately, strongly induced the transcription of HSP22A but not HSP90C, and 
led to the near disappearance of ferredoxin transcripts during this heat stress (Possmayer 
et al. 2011). These changes were nearly fully reversible during a recovery at the growth 
temperature (Possmayer et al. 2011). While these findings do describe the response of 
UWO 241 to incubation at a lethal temperature (Possmayer et al. 2011), they do not 
explain the biochemical basis of this psychrophile’s inability to grow at temperatures 
above 20°C. While this information could be obtained by cloning, expressing and 
characterising individual genes (as has been done for C. sp. ICE-L) and through the 
comparison of these results to those obtained from a related mesophile, this would 
represent a costly and haphazard way of identifying cold-active enzymes limiting UWO 
241’s growth to temperatures below 20°C. 
1.10    Molecular Dynamics 
An alternative to this resource-intensive shotgun approach to the identification and 
investigation of cold-active enzymes is the use of in silico methods (Khan et al. 2016). 
Homology Modelling (Šali 1995) followed by comparative Molecular Dynamic (MD) 
simulations (Paul et al. 2014) can be used to screen the proteins of psychrophiles for 
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indicators of which enzymes are potentially fruitful targets for further biochemical 
investigation of thermal effects. This represents a novel approach to the examination of 
psychrophilic genomes for cold-active enzymes. Further, potentially cold-active proteins 
identified through MD simulations could be subjected to computational analysis aimed at 
elucidating the sub-molecular basis of enzymatic cold-activity (Åqvist 2017). Beyond the 
general notion of enzymatic flexibility, which has been confirmed by various wet-lab and 
MD techniques (Pasi et al. 2009, Paredes et al. 2011, Tiberti and Papaleo 2011, Assefa et 
al. 2012, Sigtryggsdóttir et al. 2014, Giordano et al. 2015, Du et al. 2017), there is 
currently very little consensus in the scientific literature regarding how the amino-acid 
differences between warm- and cold-active enzymes lead to low-temperature activity 
(Pasi et al. 2009, Papaleo et al. 2011, Tiberti and Papaleo 2011, Assefa et al. 2012, 
Michetti et al. 2017, Åqvist 2017) .  
Structural bioinformatics will be an important tool in determining the ways in which a 
particular enzyme becomes cold-active and potentially in identifying new modes of 
enzymatic low-temperature activity. The atomic scale resolution of MD simulations is not 
accessible to traditional forms of experimentation and allows us to survey entire 
biochemical pathways for evidence of the enzymatic flexibility hypothesised to lead to 
thermal lability of cold-active enzymes which could be the basis of the psychrophily of 
UWO 241. 
1.11    Thesis objectives 
The objective of this thesis is to elucidate the basis of psychrophily of UWO 241. In 
contrast to most previous studies of psychrophilic organisms, I concentrate not on the 
traits that allow growth in cold environments, as many non-psychrophilic organisms but 
psychrotolerant organisms grow in low-temperature habitats similar to that of UWO 241, 
but instead I focus on what prevents UWO 241 from growing at moderate temperatures, 
such as at 20°C. It is the inability to grow at moderate temperatures which defines 
psychrophiles as a group, as opposed to some characteristic of growth at lower 
temperatures. 
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Nearly all of the publications regarding UWO 241 to date have focused on the ways in 
which it is able to thrive in low temperature environments. However, the inability to grow 
at moderate temperatures (>20°C), not the ability to grow at low temperatures, is the 
defining characteristic of psychrophiles. Here I examine the basis of the psychrophily of 
UWO 241 and provide answers to the question of what makes UWO 241 a psychrophile.  
To enable the most appropriate mesophilic control for experimentation, as well as 
identifying closely related species for comparison, it was necessary to clarify the 
phylogenetic position of UWO 241. Based on an accumulation of findings inconsistent 
with UWO 241 being a strain of Chlamydomonas raudensis Ettl, I hypothesize that UWO 
241 has been mis-classified and is not a strain of the mesophilic C. raudensis. 
I analyze the response of UWO 241 to high growth temperature stress and heat shock. 
Based on the finding that other psychrophiles have atypical expression of HSPs, I 
hypothesize that UWO 241 does not have typical expression patterns of HSP transcripts 
across its growth temperature range and does not have an appropriate heat shock response 
to protect it from high temperatures. 
Lastly, I examine the key regulatory enzymes of the Calvin Benson Bassham (CBB) 
cycle in UWO 241 for evidence of the enzymatic flexibility that could indicate heat-
sensitivity using molecular dynamics. Since photosynthetic electron transport in 
(Possmayer et al. 2011) and RUBISCO from UWO 241 are robust to changes in 
temperature, I hypothesize that some of the CBB cycle enzymes from UWO 241 will 
exhibit cold adaptation detectable by MD simulations. 
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Chapter 2  
2 Resolving the Phylogenetic Relationship Between 
Chlamydomonas sp. UWO 241 and Chlamydomonas 
raudensis SAG 49.72 (Chlorophyceae) With Nuclear 
and Plastid DNA Sequences 
2.1 Introduction 
Chlamydomonas sp. UWO 241 (hereafter UWO 241) is a photoautotrophic and 
psychrophilic unicellular green alga from the chlorophycean class of the Chlorophyta 
(Leliaert et al. 2012). It was isolated from water collected deep (17 m) within Lake 
Bonney—a perennially ice-covered lake in the McMurdo Dry Valleys of Antarctica 
(Neale and Priscu 1995). UWO 241 is rapidly becoming a model for investigating cold 
adaptation in photosynthetic eukaryotes (Dolhi et al. 2013), and has already been 
examined intensively with respect to the structure and function of its photosynthetic 
apparatus (reviewed in Morgan-Kiss et al. 2006) as well as its response to nonpermissive 
growth temperatures (Possmayer et al. 2011). 
There is no doubt that UWO 241 belongs to the Chlamydomonadales, a well-studied 
order of mainly freshwater flagellates within the Chlorophyceae (Pocock et al. 2004, 
Leliaert et al. 2012). But its position within the Chlamydomonadales is equivocal. Cell 
morphological analyses initially led researchers to identify UWO 241 as Chlamydomonas 
subcaudata Wille (Neale and Priscu 1995). It was then reassigned to Chlamydomonas 
raudensis based on nuclear gene data indicating that the 5.8S rDNA, ITS1, and ITS2 
sequences of UWO 241 are identical to those of C. raudensis Ettl SAG 49.72, hereafter 
SAG 49.72 (Pocock et al. 2004; the isolate UWO 241 is synonymous with CCAP 11/131, 
and the isolate SAG 49.72 is synonymous with CCCryo 212-05). Nevertheless, further 
molecular sequence analyses, including comparisons of various protein-coding gene 
sequences, as well as Differential Display (M. Possmayer, unpublished data) and Random 
Amplification of Polymorphic DNA (RAPD; Gupta 2013) indicated that SAG 49.72 and 
UWO 241 are not the same species. Given the importance of UWO 241 in studies of cold 
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adaptation, it is essential that researchers have a clear understanding of its evolutionary 
history and position within the green algal tree of life. 
To accurately assess the relationship among UWO 241, SAG 49.72, and other 
chlamydomonadalean algae, we sequenced large amounts of DNA and RNA from the 
nuclear and plastid genomes of UWO 241 and used these data for phylogenetic analyses. 
We computed phylogenies using nucleotide sequences encoding nuclear rDNA (18S and 
28S) and the plastid-encoded rbcL gene. Together, these data strongly support the view 
that UWO 241 is a distinct species from SAG 49.72 and that it is positioned within the 
Moewusinia clade (sensu Nakada; Nakada et al. 2008) of the Chlamydomonadales, in a 
group that includes the marine species Chlamydomonas parkeae SAG 24.89. 
2.2 Methods 
Strains UWO 241 and SAG 49.72 were cultured in thermo-regulated aquaria in Suoeka's 
HS Medium with 10 mM sodium chloride (HS10), as described previously (Possmayer 
2009, Possmayer et al. 2011). For light microscopy, cultures were grown in Bold's Basal 
Medium (for SAG 49.72) or Bold's Basal Medium amended with 0.07 M sodium chloride 
(for UWO 241; Nichols and Bold 1965). Light microscopy was performed using a Zeiss 
Axioimager Z1 microscope (Carl Zeiss AG, Oberkochen, Germany) at the Integrated 
Microscopy Facility, The Biotron, Western University. 
Nucleic acids were extracted using a modified CTAB-chloroform method (Appendix S1 
in the Supporting Information). DNA and RNA were selectively purified using 
isopropanol, lithium chloride, and ethanol precipitation techniques (Appendix S1). The 
ITS (5.8S rDNA, ITS1, and ITS2), partial 18S rDNA (of SAG 49.72) and D1–D2 regions 
of the 28S ribosome were amplified from whole genomic DNA by PCR (White et al. 
1990, Pocock et al. 2004). Gel-purified DNA (Bio-Basics Gel Extraction Kit: Bio Basic, 
Markham, ON, Canada) was sequenced using an Applied Biosystems 3730 Analyzer at 
the Robarts Research Institute, University of Western Ontario. 
The DNA sample from UWO 241 used for Illumina sequencing was gel purified and 
ethanol precipitated before library preparation (Appendix S1). The Nextera XT DNA 
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sample preparation kit (Illumina, San Diego, CA, USA) was used, following 
manufacturer's instructions, to fragment DNA and ligate sequencing adapters. The RNA 
samples were treated with DNase I and column purified before library preparation 
(Appendix S1). The Epicentre ScriptSeq v2 kit (Illumina) was used, following 
manufacturer's instructions, to prepare the RNA library. Libraries were paired-end 
sequenced (250 nt reads) on an Illumina Mi-Seq platform at the London Regional 
Genomics Centre (London, ON, Canada). 
The Mi-Seq data were assembled using the De Novo Assembly tool of CLC Genomics 
workbench (version 6.5.1: CLC Bio, Aarhus, Denmark) using the default settings. The 
sequence of the plastid-encoded gene rbcL (KP981642) was identified in the UWO 241 
RNA-Seq contig data with tBLASTn, using the orthologous Chlamydomonas reinhardtii 
protein sequence as the query (Altschul et al. 1997; Table 2.S1 in the Supporting 
Information details GenBank submissions related to this note). The UWO 241 nuclear 
rDNA sequence (KP313859) was identified in the DNA-Seq contigs with BLASTn 
(Altschul et al. 1997) using its previously published 18S rDNA sequence as the query. 
Phylogenetic analyses were conducted using MEGA6 (Tamura et al. 2013). Sequences 
were aligned using Muscle (Edgar 2004); all gaps and missing data were eliminated. 
Nucleotide phylogenies were inferred using the Maximum Likelihood method based on 
the Tamura-Nei model (Tamura and Nei 1993). Initial trees for the heuristic search were 
obtained by applying the Maximum Composite Likelihood approach. Trees were 
populated by BLASTing the sequences of SAG 49.72, UWO 241, and their close 
relatives against GenBank and then adding similar, but unrepresented, sequences to the 
analyses. The analyses were bootstrapped 1,000 times. Alignments were deposited at 
TreeBASE (http://treebase.org/treebase-web/home.html) with the study accession number 
S18437 available at http://purl.org/phylo/treebase/phylows/study/TB2:S18437. 
2.3 Results and Discussion 
A Maximum Likelihood phylogeny was constructed using plastid-encoded rbcL 
nucleotide sequences from various chlamydomonadalean algae and other chlorophyte 
taxa (Fig. 2.1). The resulting tree placed UWO 241 (KP981642) as a distinct lineage 
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within the Chlamydomonadales, and indicated that SAG 49.72 is more closely related to 
Chlamydomonas moewusii than to UWO 241 (Fig. 2.1). 
 
Fig. 2.1 Molecular phylogenetic analysis of rbcL nucleotide sequences of various 
green algal species by Maximum Likelihood method. The tree with the highest log 
likelihood is shown. The percentage of trees in which the associated taxa clustered 
together is shown next to the branches. There were a total of 1093 nucleotide 
positions in the final data set. GenBank Accession numbers appear in brackets 
beside organism names. Arrows indicate species considered in this study. 
To position UWO 241 and SAG 49.72 more precisely within the Moewusinia clade, 18S 
and 28S rDNA phylogenies were constructed using sequences from a broad range of 
chlamydomonadalean and chlorophyte species (Figs. 2.2 and 2.3). Both of the rDNA-
based trees replicated the division of the Moewusinia clade observed in the rbcL 
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phylogeny, and this division was again supported by high bootstrap values. As with the 
rbcL phylogeny, the two rDNA-based phylogenies placed UWO 241 in a clade with C. 
parkeae, to the exclusion of SAG 49.72 and C. moewusii, which were grouped in their 
own clade. The topologies of the rDNA trees support the idea that UWO 241 is a distinct 
lineage from SAG 49.72 and that the latter is more closely related to C. moewusii than to 
UWO 241 (Figs. 2.2 and 2.3). Indeed, for the 18S rDNA tree, there was strong bootstrap 
support for the clade containing Chlorococcum elkhartiense, SAG 49.72 and C. moewusii 
(BS = 100) as well as for the SAG 49.72-C. moewusii sub-clade (BS = 100), and the sub-
clades containing UWO 241 (KP313859; BS = 96, 98; Fig. 2.2 and Fig. 2.S1 in the 
Supporting Information). The 28S rDNA-based phylogeny (built using the D1-D2 region) 
strongly supported the clade containing SAG 49.72 (KP981641) and C. moewusii (BS = 
98) as well as that containing UWO 241 (KP313859) and C. parkeae (BS = 76; Figs. 2.3 
and 2.S2 in the Supporting Information). These rDNA-based phylogenies clearly indicate 
that UWO 241 and SAG 49.72 belong to different sub-clades of the Moewusinia (sensu 
Nakada). 
Although revealing a close relationship between UWO 241 and SAG 49.72, both the 
nuclear and plastid phylogenies support the hypothesis that these two algae are distinct 
species. These data conflict with previously published results reporting that UWO 241 
and SAG 49.72 have identical nuclear 5.8S rDNA, ITS1, and ITS2 sequences (Pocock et 
al. 2004). To address this contradiction, we re-sequenced the 5.8S rDNA, ITS1, and ITS2 
regions from both isolates. An alignment of these two sequences revealed many 
mismatches between UWO 241 and SAG 49.72 (KP981643; Fig. 2.S3 in the Supporting 
Information), including single-nucleotide substitutions as well as insertion–deletion 
mutations. These observations are consistent with previous RAPD results comparing 
UWO 241, SAG 49.72, and several strains of Chlamydomonas reinhardtii (Gupta 2013). 
Thus, all of the data presented here indicate that SAG 49.72 is much more closely related 
to C. moewusii than to UWO 241. Finally, to ensure that the sequencing results generated 
by this study are otherwise consistent with those previously published for SAG 49.72, its 
18S rDNA was re-sequenced. The newly sequenced 18S rDNA was identical to the 
previously sequenced 18S rDNA from this alga (GenBank JN903891; Fig. 2.S4 in the 
Supporting Information). 
 
43 
 
Fig. 2.2. Molecular phylogenetic analysis of 18S rDNA sequences of various green 
algal species by Maximum Likelihood method. The tree with the highest log 
likelihood is shown. The percentage of trees in which the associated taxa clustered 
together is shown next to the branches. The tree is drawn to scale, with branch 
lengths measured in the number of substitutions per site. Collapsed clades are 
represented by triangles at branch ends. There were a total of 1676 nucleotide 
positions in the final data set. GenBank accession numbers appear in brackets 
beside organism names. Arrows indicate species considered in this study. The full 
tree without a collapsed clade appears as Fig. 2.S1. 
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Fig. 2.3 Molecular phylogenetic analysis of 28S rDNA sequences (D1–D2 region) of 
various green algal species by Maximum Likelihood method. The tree with the 
highest log likelihood is shown. The percentage of trees in which the associated taxa 
clustered together is shown next to the branches. The tree is drawn to scale, with 
branch lengths measured in the number of substitutions per site. Collapsed clades 
are represented by triangles at branch ends. There were a total of 498 nucleotide 
positions in the final data set. GenBank accession numbers appear in brackets 
beside organism names. Arrows indicate species considered in this study. The full 
tree without a collapsed clade appears as Fig. 2.S2. 
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We also performed light microscopy-based morphological characterizations of strains 
SAG 49.72 and UWO 241 (Fig. 2.S5, A, B, and C for UWO 241 and D, E and F for SAG 
49.72 in the Supporting Information). Observations of these two strains were consistent 
with earlier descriptions with the exception that under the growth conditions used in this 
study the cell size of UWO 241 was slightly less than that previously reported (Ettl 1976, 
Pocock et al. 2004). UWO 241 exhibited ellipsoidal to sub-fusiform cells, 7–12-μm long 
and 5–7-μm wide as well as two flagella, up to 1.5× the cell body length (Fig. 2.S5, A 
and B). We observed a single cup-shaped chloroplast which was only present on the cell 
periphery in the apical half of the cell (Fig. 2.S5C). The prominent basal pyrenoid was 
flattened on the apical side in many individuals. The eyespot of UWO 241 was small, 
round to sub-ellipsoidal and considerably more prominent in cells from stationary phase 
than mid-log phase cultures. In contrast to SAG 49.72, UWO 241 formed prominent 
palmelloids of up to 25 μm in diameter consisting of two to approximately 16 individual 
cells in mid-log phase as well as stationary cultures. SAG 49.72 exhibited ovate to 
ellipsoidal cells, which were basally rounded with dimensions of 8–11-μm long and 5–8-
μm wide with two flagella up to 1.5× cell body length (Fig. 2.S5, D and E). SAG 49.72 
also exhibited a single lobed chloroplast (Fig. 2.S5F) with a central pyrenoid, which was 
rounded in small cells but somewhat irregular in larger cells, with an ellipsoidal eyespot 
near the pyrenoid. Two apical vacuoles were observed near the flagellar bases of SAG 
49.72 which formed palmelloids (of up to eight cells) only in stationary phase cultures. 
In summary, phylogenetic analysis of the plastid-encoded rbcL established a close 
relationship between UWO 241, SAG 49.72 and C. moewusii. Additional phylogenies 
using nuclear rDNA sequences further supported the affiliation of UWO 241 with the 
Moewusinia clade (sensu Nakada; Nakada et al. 2008). The nuclear 18S and 28S rDNA 
phylogenies, in particular, reproduced the broad division of the Moewusinia clade into 
two groups (Nakada et al. 2008), one of which contains C. moewusii and SAG 49.72, and 
the other UWO 241. One of the closest known relatives of UWO 241 as indicated by the 
rbcL, 18S, and 28S phylogenies is the marine species C. parkeae. This observation and 
the high salinity of the water in Lake Bonney at the depth at which UWO 241 was 
collected (0.7M) suggest that UWO 241 had a marine ancestor. 
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Pair-wise alignment of the newly sequenced 5.8S rDNA, ITS1, and ITS2 regions of 
UWO 241 and SAG 49.72 uncovered many differences and little sequence similarity 
outside the central, conserved 5.8S rDNA region, conflicting with the findings of Pocock 
et al. (2004), which reported that these regions were identical between the two algae. The 
study of Pocock et al. (2004) emanated from the same laboratory as the present report, 
and the identical UWO 241 strain was used in both studies—as confirmed by the fact that 
our newly sequenced 5.8S rDNA, ITS1, and ITS2 loci (Fig. 2.S3) were identical to those 
previously sequenced by our laboratory and available in GenBank. Again, re-sequencing 
of both UWO 241 and SAG 49.72 confirmed that the UWO 241 strain used in the present 
study was identical to that reported by Pocock et al. (2004), but significantly different 
from that of SAG 49.72 (Fig. 2.S3). Furthermore, our new SAG 49.72 18S rDNA 
sequence was identical to that available in GenBank, confirming that the mesophile used 
in this study was indeed SAG 49.72. 
The cause of the earlier misidentification of UWO 241 as C. raudensis is unknown. One 
possibility is that an error was made by Pocock et al. (2004) in the previous sequencing 
of the 5.8S rDNA, ITS1, and ITS2 regions of SAG 49.72, although the cause of this error 
remains unclear. Alternatively, there is reason to believe that SAG 49.72 was mis-
transferred sometime after 2004 and mixed up with another strain (T. Proeschold, 
unpublished results). Whatever the cause, the data presented here clearly show that UWO 
241 is a distinct species from SAG 49.72. We suggest that, hereafter, this strain be 
referred to as Chlamydomonas sp. UWO 241. 
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2.6 Supplemental Materials 
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Fig. 2.S1 Molecular phylogenetic analysis of 18S rDNA sequences of various green 
algal species by Maximum Likelihood method. 
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Fig. 2.S2 Molecular phylogenetic analysis of 28S rDNA sequences (D1–D2 region) of 
various green algal species by Maximum Likelihood method. 
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Fig. 2.S3 Nucleotide sequence alignment of the ITS1, 5.8S rDNA and ITS2 regions 
from Chlamydomonas raudensis SAG 49.72 (KP981643) and Chlamydomonas sp. 
UWO 241. 
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Fig. 2.S4 Nucleotide sequence alignment of GenBank JN903981 and the resequenced 
partial 18S rDNA sequence from Chlamydomonas raudensis SAG 49.72. 
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Fig. 2.S5 Light micrographs of Chlamydomonas sp. UWO 241 (panels A, B and C), 
and Chlamydomonas raudensis SAG 49.72 (panels D, E and F). Labels indicate cells’ 
chloroplast (C), eyespot (E), flagellum (F), pyrenoid (P) and apical vacuole (V). 
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Table 2.1.S1 GenBank accession 
numbers for sequences 
referenced for the first time in 
this note 
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2.6.1 Supplemental Methods 
2.6.1.1 Nucleic Acid Extraction 
Samples were centrifuged, decanted and snap-frozen in liquid nitrogen at the time of 
collection. Cell cultures grown for DNA extraction and sequencing were grown at 10°C, 
while the conditions for cultures for RNA isolation and sequencing were grown at 10°C, 
and grown at 10°C then shifted to 24°C for 6 hours. 
Samples were thawed by transfer to a 60°C water bath and suspended in a modified 
CTAB buffer (2% (w/v) CTAB, 1.4 M sodium chloride, 20 mM EDTA, 100 mM Tris, 
2% (w/v) polyvinylpyrrolidone (M.W. 40000), 1% (v/v) β-mercaptoethanol, pH 8.0) 
(Doyle 1991) (also at 60°C) by pipetting the buffer over the cell pellet . Samples were 
mixed and incubated at 60°C for 10 minutes, after which they were extracted twice with 
chloroform and following the second chloroform extraction, mixed with an equal volume 
of isopropanol, centrifuged and decanted. The pellet was washed once with 70% ethanol 
(v/v) and centrifuged again, the supernatant discarded and the pellet briefly air-dried. 
2.6.1.2 RNA Isolation 
Total Nucleic Acids were dissolved in 100µL diethylpyrocarbonate-treated water while 
incubated on ice. An equal volume of 4 M lithium chloride was added and mixed by 
inversion, and the sample was incubated for an hour or more at -20°C. Samples were 
centrifuged at 16100g for 30 minutes at 4°C. The supernatant was removed and the pellet 
retained. The pellet was washed in 70% ethanol and centrifuged, the supernatant 
discarded and the pellet briefly air-dried. The pellet was re-suspended in 400 µL diethyl 
pyrocarbonate-treated water. The sample was amended with 1/30th volume (13.3 µL) 3 M 
sodium acetate (pH 5.2) and 1/10th volume (40 µL) 100% ethanol, incubated on ice for 30 
minutes, centrifuged at 16100g at 4°C and the supernatant retained (Asif et al. 2000). The 
supernatant was amended with 1/10th volume (45 µL) 3 M sodium acetate (pH 5.2) and 
2.5 volumes (1.15 mL) 100% ethanol, incubated for 2 hours at -20°C, centrifuged at 
16100g for 30 minutes at 4°C.  The supernatant was removed, the pellet washed with 
70% ethanol, centrifuged again, the supernatant discarded and the pellet allowed to dry 
 
61 
briefly on the bench with the tube open. The pellet was re-suspended with 40 µL of 
diethylpyrocarbonate-treated water, and the concentration of RNA was assessed 
spectrophotometrically using absorbance at 260 nm.  
RNA was further purified through DNase I treatment and column purification. Invitrogen 
DNase I (amplification grade) (Life Technologies, Carlsbad, CA) (10 Units) was used in 
a 100 µL reaction containing 30 µg of RNA for one hour. The RNA samples were then 
column purified on a Qiagen RNeasy column according to the manufacturer’s 
instructions (Qiagen, Valencia, CA). The RNA samples were sodium acetate-ethanol 
precipitated (described above) and resuspended in nuclease-free water prior to library 
construction. 
2.6.1.3 DNA Isolation 
Total Nucleic Acids were dissolved in 100µL nuclease-free water while incubated on ice 
for 30 minutes, and the tube gently flicked thereafter to dissolve the Nucleic Acids. An 
equal volume of 4 M lithium chloride was added and the sample was incubated at -20°C 
for more than an hour. The sample was then centrifuged at 16100g for 30 minutes at 4°C. 
The supernatant was moved to a new tube, and DNA was precipitated using sodium 
acetate and ethanol, centrifuged, then washed with 70% (v/v) ethanol (described above); 
DNA was dissolved in 100 µL nuclease free water. 
2.6.1.4 Gel purification of DNA for Mi-Seq sequencing 
Disolved DNA was electrophoresed through a 0.8% (w/v) TAE-agarose gel alongside a 
size standard (SM1331, Fisher Scientific, Ottawa, ON). The gel containing DNA with a 
length of greater than 1000 bases was excised and DNA was column purified (Bio-Basics 
Gel Extraction Kit; Bio Basic, Markham, Canada) according to the manufacturer’s 
instructions. Eluted DNA was sodium acetate-ethanol precipitated, centrifuged, washed 
with 70% ethanol (all described above) and dissolved in nuclease-free water prior to 
library construction. 
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Chapter 3  
3 Transcriptome-wide Modulation and Heat Shock 
Protein Expression during Heat Shock and Chronic 
Heat Stress in the Psychrophilic Alga Chlamydomonas 
sp. UWO 241 
3.1 Introduction 
A considerable portion of the biosphere is perennially cold. This includes polar, alpine 
and deep marine environments. The organisms which flourish in these ecosystems are 
adapted to a low temperature environment; those which are obligately so adapted are 
called psychrophiles, defined as micro-organisms which do not grow at temperatures 
above 20°C (Morita 1975). The proportion of the biosphere which is both perennially 
cold enough to support psychrophiles yet receive sufficient sunlight to support 
photosynthetic organisms is considerably smaller than cold regions in general. Among 
the organisms which live in such a habitat is the alga Chlamydomonas sp. UWO 241 
(hereafter UWO 241), which is one of the most comprehensively studied photosynthetic 
psychrophiles (Morgan-Kiss et al. 2006 and references therein, Pocock et al. 2007, 
Szyszka et al. 2007, Pocock et al. 2011, Possmayer et al. 2011, Dolhi 2014, Szyszka-
Mroz et al. 2015, Possmayer et al. 2016). Despite this intensive investigation, one aspect 
of the biology of UWO 241 which has not been systematically examined is its response 
to moderate (>20°C), non-permissive growth temperatures.   
When grown at a temperature above its optimal, the reduction of an organism’s growth 
rate from that under optimum conditions is the result of temperature stress, when other 
conditions are held constant. Such a long-tem, high growth temperature response is 
distinct from a sudden, rapid temperature shift which usually involves incubation at 
temperatures above the maximum growth temperature of an organism for short periods of 
time. The latter can be considered a heat shock. One of the challenges of high growth 
temperature stress and heat shock is the tendency of proteins to take on non-native 
conformations prone to aggregation (Vabulas et al. 2010, Wallace et al. 2015). The 
proteins in these aggregates are not only non-functional, but aggregates may be cytotoxic. 
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To help nascent proteins fold into their native states, and to prevent the formation of toxic 
protein aggregates under physiologically stressful conditions such as high growth 
temperatures and heat shock, organisms have evolved a suite of chaperones to manage 
protein quality control (Schroda and Vallon 2009). Many of these chaperones are 
inducible by high temperatures, and have been named Heat Shock Protein(s) (Wallace et 
al. 2015). 
The green alga Chlamydomonas reinhardtii has been intensively studied as a model for 
the genetics and molecular biology of photosynthesis (Dent et al. 2001, Rochaix 2002). It 
has been proposed that C. reinhardtii is also a fruitful model for the investigation of heat 
stress in plants and that those studies may provide knowledge useful in overcoming the 
challenges of crop management as the climate changes (Schroda et al. 2015). While 
several studies have examined the changes to the transcriptome of C. reinhardtii 
subjected to heat shock treatments, few reports focused on experiments that 
systematically examine its high growth temperature response. A 45 minute heat shock (at 
42°C) led to widespread changes to the transcriptome of C. reinhardtii, including large 
increases in the abundance of transcripts encoding for Heat Shock Proteins (HSPs) as 
measured by microarray analyses (Voss et al. 2011). The heat shock-induced increases in 
HSP transcripts were shown to be somewhat transient by the targeted RNA gel-blot 
approach (Schulz-Raffelt et al. 2007, Schmollinger et al. 2013). When subjected to a heat 
shock at 40°C, these studies showed that transcripts encoding for HSPs 90A, 90C and the 
heat shock transcription factor HSF1 rapidly increased at the outset, but declined 
throughout the duration of heat shock period (Schulz-Raffelt et al. 2007, Schmollinger et 
al. 2013). These changes to HSP transcript abundance were shown to result in smaller, 
but more enduring increases in HSP protein abundance, as measured by mass-
spectroscopy and protein gel-blot analysis (Mühlhaus et al. 2011).  
The examination of how psychrophiles respond to high growth temperature stress and 
heat shock has received scant attention from the scientific community. Studies of 
psychrophilic Antarctic yeasts have shown that they express heat shock proteins, but not 
in the canonical way or with canonical molecular weights (Deegenaars and Watson 1997, 
1998). The psychrophilic yeast Candida psychrophila did not exhibit higher levels of 
 
65 
HSPs 60, 70 or 90 after a heat shock treatment based on protein-blot analysis 
(Deegenaars and Watson 1997). The three isoforms of HSP70 from C. psycrophila 
exhibited apparent molecular masses below and above 70kDa, but none at the apparent 
mass observed in Saccharomyces cerevisiae (Deegenaars and Watson 1997). 
Additionally, no HSP104 was detected in this yeast either under control or heat shock 
conditions (Deegenaars and Watson 1997). An analysis of the production of Heat Shock 
Proteins in the psychrophilic yeasts Mrakia gelida, Mrakia frigida, Mrakia stokesii and 
Leucosporidium antarcticum under heat shock conditions by [35S]methionine labelling 
and protein gel-blot revealed additional aberrations in HSP existence, inducibility and 
apparent molecular mass relative to Saccharomyces cerevisiae (Deegenaars and Watson 
1998). In the Mrakia species, a three hour heat shock induced expression of a 110 kDa 
protein which was not present in Leucosporidium antarcticum (Deegenaars and Watson 
1998). In contrast to a mesophilic control, protein gel-blot and immunodetection did not 
reveal the existence of heat shock proteins with apparent molecular masses of 60 or 104 
kDa in Mrakia spp. or L. antarcticum under control or heat shock conditions (Deegenaars 
and Watson 1998). 
Earlier studies involving UWO 241 have revealed a number of idiosyncratic aspects of 
the thermal biology of this psychrophilic alga. It has been shown that UWO 241 exhibits 
phototaxis at 24°C, but not at temperatures at which it grows (< 19°C)(Pocock et al. 
2004). Additionally, it was reported that while incubation at 24°C is eventually lethal to 
UWO 241, this occurs relatively slowly; after 12 hours at 24°C, less than 10% of the 
population died (Possmayer et al. 2011). During a 12 hour incubation of UWO 241 at 
24°C and a subsequent recovery period at the optimal growth temperature the abundance 
of transcripts encoding HSPs 22A and 90A increased significantly, but that of HSP90C 
remained unchanged (Possmayer et al. 2011). This study also revealed that while the heat 
shock treatment resulted in the cessation of exponential growth and inhibited 
photochemical efficiency of PSII, photosynthetic oxygen evolution and mitochondrial 
respiration, these inhibitions were reversed during incubation at the permissive growth 
temperature (Possmayer et al. 2011). However, when incubation at that temperature was 
maintained, the rate at which cells died was such that half the cells were dead after a 
period of 34 hours. 
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I have undertaken a series of experiments that involve exposing the psychrophilic alga 
UWO 241 either to high growth temperatures or heat shock temperatures that are non-
permissive of growth (Possmayer et al. 2011, this study). Along with previous 
investigations of this alga which have involved experiments conducted at non-permissive 
temperatures (Pocock et al. 2004, 2007, Dolhi 2014), this study sheds light on the causes 
of this organism’s inability to survive at temperatures that would be considered moderate 
for most organisms.  
Since the psychrophile UWO 241 has adapted to a low but constant temperature, I 
hypothesize that UWO 241 has not retained all its families of heat shock genes and 
therefore will exhibit an aberrant response to either long-term or short-term exposure to 
high growth temperatures or heat shock as seen in other psychrophiles. The lack of such a 
response to high temperature would limit the ability of UWO 241 to grow and survive at 
non-permissive temperatures. I predict that this limitation is an inherent characteristic of 
adaptation to constant low temperature and is the defining characteristic of UWO 241 as 
a psychrophile. 
3.2 Methods 
3.2.1 Cell Growth 
Cultures of Chlamydomonas sp. UWO 241 and Chlamydomonas reinhardtii CC125 were 
grown in continuously aerated 250 mL growth tubes suspended in thermo-regulated 
aquaria as previously described (Possmayer et al. 2011). Chlorophyll concentration was 
monitored as described previously (Jeffrey and Humphrey 1975, Possmayer et al. 2011). 
At mid-exponential-phase, cultures were harvested in 50 mL aliquots which were 
centrifuged at 5000g for 5 minutes, the supernatant decanted and tubes snap frozen in 
liquid nitrogen. Frozen cell pellets were stored at -80°C until further processing. For 
Real-Time qPCR experiments, three biological replicates were grown in aquaria 
maintained at each of the steady-state temperatures of 4, 7, 10, 13, 15 and 17°C for C. sp. 
UWO 241 and 22, 26 29, 32, 35 and 37°C for C. reinhardtii. For RNA-Seq assessments 
of heat shock responses, three biological replicate cultures of UWO 241 were grown at 
15°C. At mid-exponential phase, these control cultures were sampled and were then 
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shifted to 24°C for six hours and sampled again (heat shock samples).  For DNA 
sequencing by Illumina Hi-Seq (see 3.2.2), UWO 241 cultures were grown at 10°C and 
harvested as described above.  
3.2.2 DNA Isolation and Sequencing 
For DNA sequencing, DNA was isolated from C. sp. UWO 241 cell pellets using the 
Qiagen Plant DNeasy Maxi Kit (Qiagen, Valencia, CA, USA) according to the 
manufacturer’s instructions. The DNA was ethanol precipitated through the addition of 
two volumes of 100% cold ethanol and one-tenth volume of 3M sodium acetate, and 
subsequently was incubated at -20°C for 1 hour. The DNA was collected by 
centrifugation at 16 000g for 10 minutes, and washed with 70% (v/v) ethanol three times. 
The pellets were air-dried and resuspended in 10 mM Tris pH 7.5. The quality of the 
purified DNA was assessed through its photometric absorbance spectrum and appearance 
under UV illumination following electrophoresis through a 1% (w/v) TBE agarose gel 
and staining with ethidium bromide. 
Isolated DNA was sequenced at the Princess Margaret Genomics Centre (Toronto, ON, 
Canada;). The DNA was fragmented using a Covaris M220 Focused-Ultrasonicator 
(Covaris, Woburn, MA, USA) and sequencing libraries were constructed using the 
Illumina TruSeq DNA Sample Preparation Kit (Illumina, San Diego, CA, USA). 
Sequencing was performed using 101-cycle paired-end reads using an Illumina 
HiSeq2000. Raw data were processed to remove adapter sequences and to trim low 
quality ends using cutadapt (Martin 2011), and Quake v.0.3 (Kelley et al. 2010) was used 
to correct sequencing errors. The Hi-Seq data along with Mi-Seq data (described in 
Chapter 2 (Possmayer et al. 2016)) were assembled using ABySS (version 
1.5.2)(Simpson et al. 2009) running on the Iqaluk cluster of SHARCNET with a k-mer 
size of 64. 
3.2.3 RNA Isolation 
For RNA-Seq and Real-time qPCR, nucleic acids were isolated from frozen cell pellets 
using a modified CTAB protocol as described previously (Possmayer et al. 2016). 
Briefly, cell pellets were melted with 800µL 2x CTAB buffer (Doyle 1991) and 
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incubated at 60°C for 10 minutes. Following 3 chloroform extractions, nucleic acids were 
precipitated with an equal volume of isopropanol. RNA was purified from total nucleic 
acids through lithium chloride precipitation and RNeasy column purification 
(Qiagen)(Possmayer et al. 2016). Samples of RNA were DNaseI-treated while bound to 
the RNeasy columns using the RNase Free DNase set (Qiagen) according to the 
manufacturer’s directions. Following column purification RNA was precipitated with 
one-tenth volume 3M sodium acetate (pH 5.2) and two-and-a-half volumes 100% 
ethanol, samples were incubated at -20°C for two hours, centrifuged at 16100g at 4°C for 
30 minutes, the supernatant aspirated and RNA pellets washed with 70% (v/v) ethanol. 
Pellets were air-dried and resuspended in RNase free water. Quality of RNA samples was 
assessed using an Agilent 2100 Bioanalyzer. The concentration of RNA samples was 
determined spectrophotometrically using a Nanodrop 2000 (Thermo-Fisher Scientific, 
Mississauga, ON, Canada). 
3.2.4 Real-Time qPCR 
Following RNA extraction, 5’ Taq exonuclease (TaqMan) Real-time qPCR was used to 
quantify transcript abundance of a representative of each HSP family in RNA samples 
isolated from cultures of C. sp. UWO 241 and C. reinhardtii. One microgram of each of 
the RNA samples were reverse-transcribed using the Invitrogen SuperScript® III First-
Strand Synthesis SuperMix for qRT-PCR (Thermo-Fisher Scientific) according to the 
manufacturer’s instructions. For UWO 241, gene and transcript sequences for primer 
design were identified in the assembled DNA- and RNA-Seq data, respectively, with the 
tBLASTn algorithm using the amino acid sequence of the orthologous protein from C. 
reinhardtii as the query (Altschul et al. 1997). For C. reinhardtii, genomic and transcript 
sequences were obtained from the Phytozome website (https://phytozome.jgi.doe.gov). 
Where possible, primers were designed to span exon-exon junctions identified using the 
combination of RNA and DNA sequence data for both C. reinhardtii and UWO 241. 
Primers and probes were designed using Primer3 online tool (version 4.0.0; Untergasser 
et al. 2012)(Table 3.S1, 3.S2). Probes utilised the 5’ fluorophore 6-FAM and the 3’ 
quencher BHQ1 (Eurofins Genomics, Louisville, KY). Real-time PCR was performed 
using Applied Biosystems TaqMan Fast Advanced Master Mix (Thermo-Fisher 
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Scientific) on an Applied Biosystems ViiA 7 Real Time PCR System (Thermo-Fisher 
Scientific) at the London Regional Genomics Centre (Robarts Research Institute, UWO). 
The -ΔΔCT method (Livak and Schmittgen 2001) was used to calculate relative transcript 
abundances for the subject genes as follows: 
−𝛥𝛥𝛥𝛥𝐶𝐶𝑇𝑇 = −(� 𝐶𝐶𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −   𝐶𝐶𝑇𝑇 𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠�𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠 − �𝐶𝐶𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −   𝐶𝐶𝑇𝑇 𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠�𝑠𝑠𝑠𝑠𝑝𝑝𝑐𝑐𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠𝑐𝑐𝑟𝑟)  (1) 
where CT is the fractional cycle number at which fluorescence exceeds the instrument-set 
fluorescence threshold value, subject is the gene of interest, reference is the control gene 
(18S rRNA), sample is the treatment, growth temperature sample, and calibrator is the 
treatment to which other treatments are normalized, that is the lowest growth temperature 
for each species (Fig. 3.1). In the amplification plot, the difference in probe-cleavage 
related fluorescence relative to passive internal standard fluorescence (ΔRn) is plotted 
against cycle number (Fig. 3.1). The horizontal lines represent the instrument-calculated 
ΔRn thresholds for the subject gene (green line) and reference gene (blue line). The 
fractional cycle number at which the fluorescence exceeds the threshold (CT; vertical 
green and blue lines) is used to calculate ΔΔCT according to the Livak formula (Equation 
1, (Livak and Schmittgen 2001)) and relative transcript abundance is 2-ΔΔCT (Livak and 
Schmittgen 2001). Real-time data analysis was performed with the QuantStudio Real-
Time PCR System software (version 1.2; Thermo-Fisher Scientific). 
3.2.5 Protein Isolation and Protein-gel Blot Analysis 
For extraction of total proteins, cell pellets were resuspended in 0.1M Na2CO3 containing 
0.1 M DTT, and frozen at -20°C for 1 hour. An equal volume of solubilization buffer (5% 
(w/v) SDS, 30% (w/v) sucrose) was added and the samples were heated to 85°C for 5 
minutes. Total proteins corresponding to 1-3 μg of chlorophyll were loaded per lane. 
Electrophoresis and protein transfer was performed as described previously (Szyszka-
Mroz et al. 2015). Membranes were probed with primary antibody specific for C. 
reinhardtii HSP70A (1:3,000) (Agrisera, Vännäs, Sweden), CPN60A (1: 5,000) and 
HSP90A (1: 1,500) (both of which were generous gifts from M. Schroda). Horseradish 
peroxidase was used as a secondary antibody (1: 10,000. Sigma-Aldrich, Oakville, ON). 
The antibody-protein complexes were visualized using enhanced chemiluminescence  
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Fig. 3.1 Representative amplification plot from one replicate of 4° (calibrator) and 
7°C (sample) cultures of C. sp. UWO 241 for 18S rRNA (reference) and HSF1 
(subject) genes. Delta Rn is the difference in fluorescence due to probe cleavage 
relative to the fluorescence of the passive internal standard; CT is the fractional 
cycle number at which ΔRn is equal to the instrument-set fluorescence threshold for 
each gene. Transcript abundance is calculated as 2−ΔΔCT using the Livak method 
(Livak and Schmittgen 2001), where                                                                     
−ΔΔCT=− (( CT subject − CT reference )sample − ( CT subject − CT reference )calibrator). 
detection reagents (GE Healthcare, Pittsburgh, PA, USA) per manufacturer’s instructions. 
Protein amounts were quantified by densitometry using ImageJ (National Institutes of 
Health, Bethesda, MA, USA). 
3.2.6 Cell Death Assay 
 Mid-exponential phase cultures of C. reinhardtii grown at 23°C were shifted to 
incubation at 42°C, with all other conditions held constant. At 12 hour intervals following 
the shift, culture samples were incubated with the living-cell wall impermeant fluorescent 
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nucleic acid stain SYTOX Green (Thermo-Fisher Scientific) at a final concentration of 2 
µM (Possmayer et al. 2011). Green fluorescence of samples was measured using a Turner 
Designs PhytoCyt flow cytometer (now marketed as the BD Accuri C6® flow 
cytometer). Dead cells were identified by their higher level of green fluorescence than 
control samples, similar to 1% (v/v) chloroform-killed cells.  
3.2.7 RNA Sequencing 
Sequencing of the RNA isolated from triplicate cultures under the two experimental 
conditions (control and heat shocked at 24°C for six hours) was performed by Genome 
Quebec (Montreal, QC, Canada). Libraries were prepared using the Illumina TruSeq 
mRNA Stranded Library Prep Kit (Illumina) and the libraries sequenced with 125 base 
paired-end reads using HiSeq v4 reagents on a HiSeq 2500 (Illumina).  
For RNA sequence assembly, Illumina MiSeq and Roche 454 datasets, described 
previously in Possmayer et al. 2016 and Raymond and Morgan-Kiss 2013 respectively, 
were combined with the HiSeq data described here. The Hi- and Mi-Seq datasets were 
processed to remove adapter sequences and portions of reads with low-quality scores 
using Trimmomatic (Bolger et al. 2014). The transcriptome was assembled with the 
Trinity software package (version 2.0.6)(Grabherr et al. 2011) running on the Iqaluk and 
Goblin clusters of SHARCNET.  
3.2.8 Bioinformatics 
For UWO 241, transcript sequences in the Trinity assembly of the RNA-Seq data were 
identified using the tBLASTn algorithm (Altschul et al. 1997). The entire set of C. 
reinhardtii protein sequences (from Phytozome V9, primary transcript only, obtained 
from http://genome.jgi.doe.gov/PhytozomeV9/PhytozomeV9.download.html) was 
BLASTed against the assembled transcript sequences produced by Trinity (with a cut-off 
expect value of 10-15). This search strategy was also used to find the UWO 241 
homologue of specific C. reinhardtii proteins for sequence alignments. 
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3.2.9 RNA-Seq Analysis 
For UWO 241, HiSeq reads from each control and heat shock condition replicate were 
mapped to the longest isoform of each transcript from the Trinity assembly using CLC 
Bio Genomics Workbench. (Version 7.0.4, CLC Bio, Aarhus, Denmark) yielding raw 
read counts by gene. The RNA-Seq raw read counts for cultures C. reinhardtii subjected 
to heat shock at 42°C for 60 minutes were generously provided by G. Blanc and Y. Li-
Beisson (Légeret et al. 2016). For data visualization in heat maps, read counts were 
normalized using the rlog function of the DESeq2 package of Bioconductor in R (version 
3.3.3) (Love et al. 2014). Hierarchical clustering was performed on squared Euclidian 
distances using Ward’s linkage and heatmaps were composed using the heatmap2 
function of the gplots package (version 3.3.2) in R (version 3.3.3). The DESeq2 package 
(Love et al. 2014) was also used to correct for library size, filter genes with low read 
counts, perform two-tailed Wald tests for statistical differences in gene read counts 
between treatment conditions, and to adjust the associated p-values according to the 
Benjamini–Hochberg procedure (Benjamini and Hochberg 1995). 
3.2.10 KEGG Analysis  
Gene enrichment analysis was performed in Orange (version 3.3.7) using the KEGG 
pathways widget from the bioinformatics add-in. This widget tests for pathway 
enrichment using the hypergeometric test and applies a false discovery rate correction to 
Type I error probabilities using the Benjamini–Hochberg procedure (Benjamini and 
Hochberg 1995). 
3.2.11 Protein Sequence Alignments and Phylogenetic Trees 
Protein sequence alignments were performed using the ClustalW algorithm (Larkin et al. 
2007). The Maximum Likelihood method was used to infer evolutionary history based on 
the JTT matrix based model (Jones et al. 1992). The BioNJ and Neighbour-Join 
algorithms were used to create initial trees for the heuristic search; the topology with the 
superior log-likelihood value was carried forward. Tree construction was bootstrapped 
1000 times. Phylogenetic analysis was calculated using Mega 6 (Tamura et al. 2013).  
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3.3 Results 
3.3.1 Sequence Assembly and Mapping 
The RNA-Seq data were assembled using Trinity (2.0.6)(Grabherr et al. 2011), which 
produced 242,444 transcripts totalling 142,652,190 bases with a GC content of 62.48% 
(Table 3.S3). The DNA-Seq data were assembled using ABySS (1.5.2)(Simpson et al. 
2009), which produced 501,481 scaffolds totalling 201,850,173 bases with a GC content 
of 60.32% (Table 3.S4). 
To identify the transcripts resulting from the assembly of UWO 241 RNA-Seq data, the 
entire set of protein sequences from C. reinhardtii, obtained from the Phytozome website, 
was blasted against a database comprised of the Trinity RNA-Seq assembly. The blast 
output was processed to assign every Trinity transcript with a Phytozome ID where a 
match was found. Only Trinity transcripts which were identified in this way were 
considered in the RNA-Seq analysis. This accounted for the majority of the mapped reads 
(Table 3.S5).  
3.3.2 HSP Protein Alignments and Distance Trees 
Multiple protein sequence alignments show the similarities and differences between 
orthologous proteins on a residue scale, while phylogenetic trees constructed from 
sequence alignments show evolutionary relationships and degree of difference between 
species. Orthologous protein sequence alignments were constructed using ClustalW with 
sequences for representatives of the Heat Shock Protein families HSP22, HSP33, HSP60, 
HSP90, HSP70 and HSP100 (Fig. 3.S1-3.S6 respectively) from five green algae: the 
psychrophile C. sp. UWO 241, the psychrotolerant species Coccomyxa subellipsoidea, 
and three mesophiles, C. reinhardtii, Gonium pectorale, and Volvox carteri. In addition, 
orthologous heat shock protein sequences of Arabidopsis thaliana were used to represent 
terrestrial plants as an outgroup. The multiple protein sequence alignments (Fig. 3.S1-
3.S6) were used to construct Maximum Likelihood phylogenetic trees (Fig. 3.2). These 
trees illustrate the divergence between amino acid sequences for each of HSP22A, 
HSP33, CPN60A, HSP90A, HSP70A and HSP101 (Fig. 3.2 A, B, C, D, E and F, 
respectively). In the distance trees, the difference between two species, measured in 
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substitutions/site, is the sum of the horizontal branch lengths of each species from their 
last common node. In all distance trees the mesophilic green algae C. reinhardtii, G. 
pectorale and V. carterii formed a clade with much less difference between each-other 
than between their clade and each of UWO 241, the trebouxiophyte C. subellipsoidea, 
and the land plant A. thaliana. The latter species are, in the distance trees for all HSPs 
assessed, found at the end of long branches, indicating considerable divergence in their 
protein sequences both from each other and from the mesophilic chlorophycean algal 
clade (Fig. 3.2 A-F). The distance between C. sp. UWO 241 and the mesophilic algal 
clade is, in some cases, nearly as great as that of the psychrotolerant Coccomyxa 
subellipsoidea, representing a different phylogenetic class of algae than the 
chlorophycean species. Thus, the amino acid sequence of all HSPs from the psychrophilic 
UWO 241 exhibited significant difference from those of both the mesophilic 
chlorophycean algal clade (Fig. 3.2; Table 3.1) and the psychrotolerant trebuxiophyte C. 
subellipsoidea as illustrated in Fig. 3.2. 
3.3.3 Growth Temperature Responses 
The effect of growth temperature on the maximal specific growth rate, µMax, is illustrated 
for C. reinhardtii (Fig. 3.3A) and UWO 241 (Fig. 3.3B). Both species exhibit a broad 
plateau of maximal growth rates between 29° and 35°C for C. reinhardtii and 10° and 
15°C for UWO 241 (Fig. 3.3A and 3.3B). At temperatures above the upper end of the 
maximal µMAX plateau, growth rates decrease abruptly; the maximum growth 
temperatures of C. reinhardtii and UWO 241 in HS medium are 38° and 18°C 
(respectively, Fig. 3.3A and 3.3B). The results confirm the mesophilic and psychrophilic 
nature of C. reinhardtii and UWO 241 respectively. 
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Fig. 3.2 Maximum-Likelihood phylogenetic trees based on ClustalW protein 
sequence alignments of Heat Shock Proteins from various plant and algal species. 
Representatives of all major HSP families (HSP families 22, 33, 60, 70, 90 and 100) 
were analysed, as displayed in panels A-F (respectively). Bootstrap values adjacent 
to nodes indicate occurrence of groupings (%) with 1000 repetitions. 
 
Table 3.1 Similarity between HSP amino acid sequences of C. reinhardtii and C. sp. 
UWO 241 based on ClustalW alignment 
Gene % Identity 
HSP22A 39.08 
HSP33 57.68 
CPN60A 74.14 
HSP70A 84.05 
HSP90A 82.54 
HSP101 63.65 
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Fig. 3.3 Maximum growth rate (µMAX) observed in exponentially growing cultures of 
(A) Chlamydomonas reinhardtii and (B) Chlamydomonas sp. UWO 241 at various 
temperatures. Symbols represent means ± S.D. of three replicate cultures. 
A 
B 
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3.3.4 Targeted Analyses of HSP mRNA Abundance in Response 
to Growth Temperature 
Targeted transcript abundance of representatives of each HSP family was assessed by 
realtime qPCR. To assess the effects of growth temperature on the transcript abundance, 
C. reinhardtii and UWO 241 were grown until mid-exponential phase at a range of 
steady state temperatures up to one degree below their respective maximal growth 
temperature. Since the same primer pair and probe were used to quantify the 18S rRNA 
abundance in both C. reinhardtii and UWO 241, comparison of the mRNA abundance 
values normalized by the 18S rRNA abundance between species is valid given the 
assumption that the ratio of mRNA to rRNA is the same in these two species. For this 
analysis mRNA abundance values from both species were normalized to the first 4°C 
replicate of UWO 241, allowing inter-specific comparison of HSP transcript abundances 
(Figs. 3.4 and 3.5). Interestingly, the levels of transcripts encoding for HSPs 22A, 70A, 
90A, CPN60A, and HSP33 were all higher in UWO 241 (Fig. 3.4 A – E), and for some 
transcripts the difference between the species was considerable. In contrast, HSP101 and 
HSF1 transcripts were more abundant in C. reinhardtii (Fig. 3.4F, Fig. 3.5). For HSP101, 
the difference between the expression patterns between species is most striking: in C. 
reinhardtii the level of expression across the range of assayed temperatures is nearly flat, 
while for UWO 241 there is close to a 100-fold increase between the lowest and highest 
levels of expression. 
Aside from the generally higher HSP transcript abundance in UWO 241, closer 
examination of these plots shows that within each species, similar temperature trends in 
C. reinhardtii and UWO 241 can be observed for most HSP family transcript 
abundances. For HSP22, the transcript abundance increases abruptly in both species with 
growth temperature (Fig. 3.4A). For HSPs 70A, 90A, and CPN60A there is little to no 
temperature trend present in transcript abundance in either species (Fig. 3.4B, C and D). 
The transcript abundance of HSP33 declines at higher temperatures (Fig. 3.4E), as does 
that of HSF1 (Fig. 3.5). The only transcript whose trend differs markedly between C. 
reinhardtii and UWO 241 is that of HSP101. In C. reinhardtii, the abundance of this 
transcript increases marginally at higher temperatures, but in UWO 241 there is between  
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Fig. 3.4 Real-Time qPCR analysis of transcript abundance of representatives of 
major HSP families in C. sp. UWO 241 (blue triangles) and C. reinhardtii (red 
circles) grown at steady state temperatures. The delta-delta CT method, relative to 
18S rRNA abundance of each sample and to the expression level in the lowest 
temperature (4°) sample from UWO 241 for both species was used to normalize 
data. Symbols and error bars indicate the mean ± S.E. of three replicate cultures. 
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Fig. 3.5 Real-Time qPCR analysis of transcript abundance of the Heat-Shock 
Transcription factor HSF1 in C. sp. UWO 241 (blue triangles) and C. reinhardtii 
(red circles) grown at steady state temperatures. The delta-delta CT method, relative 
to 18S rRNA abundance of each sample and to the expression level in the lowest 
temperature (4°) sample from UWO 241 for both species was used to normalize 
data. Symbols and error bars indicate the mean ± S.E. of three replicate cultures. 
a 10 and 100-fold increase in abundance across the range of growth temperatures tested 
(Fig. 3.4F).  
3.3.5 HSP Protein Abundance 
The relative protein abundance for CPN60A, HSP70A and HSP90A was determined 
through protein gel-blot analysis (Fig. 3.6) using antibodies raised the proteins of C. 
reinhardtii. As is clear from Fig. 3.6, much more protein was detected across the range of 
growth temperatures in UWO 241 than C. reinhardtii for each of CPN60A, HSP70A and 
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HSP90A. Total soluble protein electrophoresed through the gel was extracted from 
samples of the same cultures collected at the same time as those used in RNA extraction 
for the RT-qPCR experiments. Following electrophoresis and blotting, which was 
performed in triplicate, membranes were probed using antibodies for CPN60A, HSP70A 
and HSP90A (Fig. 3.6). Films were scanned and protein bands quantified using 
densitometry (Fig. 3.7), with values normalized to the density of the lowest temperature 
for UWO 241 (4°C). The patterns of mRNA and corresponding protein abundance across 
the range of steady state growth temperatures in UWO 241 and C. reinhardtii are similar 
for CPN60A, HSP70A and HSP90A (Fig. 3.7). In each of these cases, the relative mRNA 
and protein levels for UWO 241 considerably exceed those for C. reinhardtii (Fig. 3.7), 
and the patterns in mRNA abundance are similar to those of protein abundance (Fig. 3.7). 
 
Fig. 3.6 Representative protein blots for CPN60A, HSP70A and HSP90A for UWO 
241 and C. reinhardtii grown at a range of steady-state temperatures. A 
representative Coomassie-stained gel is shown to indicate protein loading. 
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Fig. 3.7 Comparison of mean relative mRNA abundance, determined by RT-qPCR, 
and mean relative protein abundance, determined by Western blotting, for CPN60A 
(A), HSP70A (B) and HSP90A (C) for UWO 241(blue triangles) and C. reinhardtii 
(red circles) grown at steady-state temperatures. The 4° sample from UWO 241 was 
used as the basis of comparison for the relative abundance of mRNA and protein in 
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the other samples. Abundance of mRNA indicates the mean of 3 biological replicates 
(± S.E.); protein abundance represents the mean of 3 technical replicates (± S.D.). 
3.3.6 Effect of Heat Shock on Cell Viability 
To assess the effect of a heat shock applied to C. reinhardtii on cell viability, SYTOX 
Green fluorescence was measured using a flow cytometer at 12 hour intervals following 
the transfer of cultures from their growth temperature (23°C) to the heat shock conditions 
(42°C) (Fig. 3.8). The patterns of cell death following the temperature shift in the two 
species are similar (Fig. 3.8). The duration of heat shock required for half of the cell 
population to become SYTOX-positive was 24.5 hours in cultures of C. reinhardtii and 
33.8 hours in cultures of UWO 241 (Fig. 3.8). Thus, based on the SYTOX Green assay, a 
heat shock treatment of 42°C applied to C. reinhardtii is broadly comparable to a 24°C 
heat shock for UWO 241. 
3.3.7 Non-Targeted Analysis of Gene Expression in Response to 
Heat Shock 
The data from Fig. 3.4 indicate that under steady-state growth temperatures UWO 241 
maintains HSP gene family mRNA abundances that, on the whole, appear to be higher 
than in C. reinhardtii, and that correlated well with higher protein levels (Fig. 3.6). 
However, does UWO 241 gene expression in general respond to a heat shock? To assess 
this, a global, non-targeted approach using RNA-Seq was employed. Based on the growth 
data in Fig. 3.3, heat shock condition for C. reinhardtii was a shift from 25°C to 42°C for 
60 minutes, and for UWO 241 a shift from 15°C to 24°C for 6 hours. Heatmaps of the 
transcriptome-wide changes in gene expression associated with heat shock in C. 
reinhardtii and UWO 241 were constructed from hierarchical clustering, based on 
squared Euclidian distances using Ward’s linkage, of the expression profiles obtained for 
C. reinhardtii and UWO 241 (Fig. 3.9A and B). In these heat maps, the scales indicate 
the log2 of normalized read counts at each temperature, not changes in regulation between 
conditions as is commonly portrayed in heat maps. In these heatmaps the columns 
represent replicate cultures, with their temperature on harvest indicated by the column 
headings. The heatmaps generally show a greater change in transcript abundances  
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Fig. 3.8 Kinetics of cell death of C. reinhardtii (red circles) and C. sp. UWO 241 (blue 
triangles) subjected to a heat shock at 42°C and 24°C (respectively). Mid-
exponential phase cultures were shifted to incubation at the heat shock temperature. 
The percentage of cells which were dead according to the SYTOX-Green assay as 
measured by flow cytometry was measured at intervals following the temperature 
shift. Values represent the mean of three independent cultures ±S.D. The results for 
UWO 241 were published previously (Possmayer et al. 2011). 
between control cultures (25°C) and the heat shocked cultures (42°C) in C. reinhardtii 
than in UWO 241 (Fig 3.9A, B). This is indicated by a more distinct dividing line 
between control and heat shock columns of the heatmap for C. reinhardtii (Fig. 3.9A) 
than in that for UWO 241 (Fig. 3.9B). Where the dividing line between the 25°C and 
42°C columns is clear in a majority of rows in the C. reinhardtii heatmap (Fig. 3.9A), 
indicating a change in transcript abundance between these temperatures, in the heatmap 
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for UWO 241 the division between the 15°C and 24°C columns is less clear (Fig. 3.9B), 
indicating greater consistency in transcript abundances between control (15°C) and heat 
shock (42°C) temperatures. 
Specifically, for C. reinhardtii the heatmap illustrates that 29.7% of transcripts were 
significantly up-regulated (Fold-Change >2, Benjamini-Hochberg adjusted p < 0.05, 
represented by a change from orange to blue (Fig. 3.9A)) following the temperature shift 
from 25°C to 42°C (Fig. 3.9A; Table 3.2), while 25% of transcripts were significantly 
down-regulated using the same criteria represented by a change from red to yellow-
orange (Fig. 3.9A). The abundance of just under 50% of transcript abundances were 
unchanged using these criteria in C. reinhardtii (Fig. 3.9A). When more stringent fold-
change threshold of 4 was applied to the dataset, 16.7% of transcripts were up-regulated 
by the heat shock treatment and 8% were down-regulated (Table 3.3), while 75.3% of 
transcripts were unchanged. 
In contrast, the pattern observed in the heat map constructed with the UWO 241 
expression data is one of much greater continuity in transcript abundances between the 
control and heat shock conditions (Fig. 3.9B, 15°C to 24°C columns) compared to C. 
reinhardtii (Fig. 3.9A, 25°C to 42°C columns). Indeed, the UWO 241 heat map shows 
that only 16.5% of transcripts increased significantly, represented by a change in heatmap 
colour towards the blue end of the scale, while 15.2% significantly decreased 
significantly, represented by a change in heatmap colour towards the yellow end of the 
scale, (Fold-Change >2, Benjamini-Hochberg adjusted p < 0.05) six hours after a shift 
from 15°C to 24°C (Fig. 3.9B; Table 3.2); 68.3% of transcripts did not change using 
these criteria.  With the more stringent fold-change cut-off value of four (Benjamini-
Hochberg adjusted p < 0.05), only 5.9% of transcripts were significantly up-regulated and 
a mere 3.3% were down-regulated by the heat shock of UWO 241 (Table 3.3); fully 
90.8% of transcripts were unchanged in UWO 241 using these criteria. 
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Fig. 3.9 Hierarchical clustering trees and heatmaps of expression levels of control 
(25°C grown) and heat shocked (42° for 60 minutes) cultures of C. reinhardtii (A) 
and control (15°C grown) and heat shocked (24° for 6 hours) cultures of C. sp. UWO 
241 (B). Clustering employed squared Euclidian distances and Ward’s linkage. 
Scale units are the log2 of the normalized expression values. Column labels indicate 
culture incubation temperature upon harvest. Chlamydomonas reinhardtii data 
provided by G. Blanc and Y. Li-Beisson (Légeret et al. 2016). 
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Table 3.2 Number of identified transcripts significantly regulated (FC> 2, 
Benjamini-Hochberg adjusted p < 0.05) by the application of heat shock in C. 
reinhardtii and C. sp. UWO 241 
 
Species 
Up-regulated  
Transcripts 
Down-regulated  
Transcripts 
Total Number of 
Identified 
Transcripts 
C. reinhardtii 3033 2550 10197 
 29.7% 25.0%  
C. sp. UWO 241 797 735 4837 
 16.5% 15.2%  
 
Table 3.3 Number of identified transcripts significantly regulated (FC> 4, 
Benjamini-Hochberg adjusted p < 0.05) by the application of heat shock in C. 
reinhardtii and C. sp. UWO 241 
 
Species 
Up-regulated  
Transcripts 
Down-regulated  
Transcripts 
Total Number of 
Identified 
Transcripts 
C. reinhardtii 1704 812 10197 
 16.7% 8.0%  
C. sp. UWO 241 283 158 4837 
 5.9% 3.3%  
The expression profiles were filtered for genes represented in both RNA-Seq datasets, 
which resulted in a common list of 6337 transcripts. The heat shock expression values 
were normalized by their respective control values and a heatmap constructed using the 
same list of genes for each species (Fig. 3.10). This heatmap shows the decreases (green) 
and increases (red) in transcript abundance in C. reinhardtii distinctly. In contrast the 
UWO 241 transcript levels generally remained unchanged (black) with the exception of a 
few genes that were up- and down-regulated (Fig. 3.10). From this dataset the fold 
change in expression between control and heat shock conditions was calculated for the 
same transcripts that were measured by qPCR (Table 3.4). This analysis revealed that for 
some transcripts, such as HSP33, the fold change in transcript abundance between the 
control and heat shock conditions in UWO 241 and C. reinhardtii was nearly the same, 
while for others such as HSP70A, HSP90A and HSP101 the fold-change response in C. 
reinhardtii was 30 times greater than that of UWO 241 (Table 3.4). 
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Table 3.4 Fold change in transcript abundance upon application of heat shock for 
representatives of HSP families in C. reinhardtii and C. sp. UWO 241 
  
Fold Change on Heat Shock 
Gene GeneID C. reinhardtii C. sp. UWO 241 
HSP22A Cre07.g318600 2204 305 
HSP33 Cre17.g715000 0.26 0.36 
CPN60A g5049.t1 0.35 0.87 
HSP70A Cre08.g372100 339 11.0 
HSP90A Cre09.g386750 372 12.4 
HSP101 Cre02.g090850 262 8.18 
 
3.3.8 KEGG Pathway Analysis 
The intersection of the lists of transcripts significantly regulated (Fold-Change >2, 
Benjamini-Hochberg adjusted p < 0.05) (Table 3.2) by the heat shock treatments of UWO 
241 and C. reinhardtii is illustrated by a Venn diagram (Fig. 3.11). In this figure, 
transcripts significantly up-regulated in UWO 241 appear in the dark blue ellipse, while 
significantly down-regulated transcripts in UWO 241 are shown in the light blue ellipse 
(Fig. 3.11). Similarly, for C. reinhardtii, significantly up-regulated transcripts appear in 
the red ellipse, while transcripts decreasing significantly are shown in the pink ellipse 
(Fig. 3.11). Intersecting sectors of interest include the jointly up-regulated (middle-upper 
sector containing 225 transcripts) and the jointly down-regulated (middle-lower sector 
containing 146 transcripts) as well as the up in C. reinhardtii but down in UWO 241 
(lower left sector containing 99 transcripts) and the up in UWO 241 but down in C. 
reinhardtii (lower right sector containing 106 transcripts)(Fig. 3.11). The low level of 
intersection between genes coordinately up- (225) or down- (146) regulated by the heat 
shock in both species is notable (Fig. 3.11). Further, the number of genes regulated in the 
same way in both species (225 + 146 = 371 coordinately regulated in the two species) 
was less than twice the number of genes that were regulated in opposite ways in the two 
species (99 down-regulated in UWO 241 but up-regulated in C. reinhardtii, 106 up-
regulated in UWO 241 but down-regulated in C. reinhardtii, for a total of 205 
‘paradoxically’ regulated between the two species (Fig. 3.11)). 
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Fig. 3.10 Hierarchical clustering tree and heatmap of expression profiles of heat-
shocked cultures of C. reinhardtii (42°C for 60 minutes) and C. sp. UWO 241 (24°C 
for six hours) relative to their control cultures. The two left columns of the heatmap 
represent C. reinhardtii and the three right columns represent UWO 241. Clustering 
employed squared Euclidian distances and Ward’s linkage. Scale units are the log2 
of the fold change from control to heat shocked conditions. Chlamydomonas 
reinhardtii data provided by G. Blanc and Y. Li-Beisson (Légeret et al. 2016).   
  
 
Fig. 3.11 Venn diagram illustrating intersection of transcripts up- or down-
regulated (> 2-fold change, p < 0.05) in heat shock experiments involving C. sp. 
UWO 241 and C. reinhardtii. 
Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis, which identifies 
potential cellular processes which are enriched in regulated genes between experimental 
conditions, was applied to logical subsets of the regulated gene sets depicted in Fig. 3.11 
(Tables 3.5 – 3.7). Only pathways which were significantly enriched in genes which were 
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significantly up- or down-regulated are presented (Benjamini-Hochberg adjusted p < 0.05 
for gene regulation and pathway enrichment statistical tests). In these lists of pathways, 
which are significantly enriched in genes significantly regulated by heat shock (Fold-
Change >2, Benjamini-Hochberg adjusted p < 0.05) it can be noted that in C. reinhardtii, 
pathways for eliminating denatured proteins, namely the ‘Proteosome’ and ‘Ubiquitin 
mediated proteolysis’ are up-regulated (Table 3.5), which is consistent with a functional 
response to heat shock-induced protein damage. Additionally, the ‘Photosynthesis’ 
(representing photosynthetic electron transport chain transcripts) and ‘Photosynthesis – 
antenna proteins’ pathways are up-regulated (Table 3.5), possibly due to an increased 
sink strength for photosynthetic electrons in the Calvin-Benson-Bassham cycle or another 
photosynthetic electron transport sink pathway. Alternatively, the up-regulation of photon 
capture and photosynthetic electron transport pathways could be a functional response to 
heat-induced damage to the structures of the thylakoid membrane. Amongst pathways 
significantly down-regulated by heat shock in C. reinhardtii (Table 3.6), ‘Ribosome 
biogenesis’ and ‘RNA Polymerase’ are down-regulated, consistent with the down-
regulation of transcription and translation associated with heat shock (Table 3.6). In 
UWO 241, no pathways were significantly up-regulated in response to the heat shock 
treatment, and only one pathway that is down-regulated, ‘DNA replication’, associated 
with cell cycle arrest, is consistent with the cellular changes caused by heat shock (Table 
3.7).  
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Table 3.5 KEGG pathways significantly enriched in 2-fold up-regulated genes of C. 
reinhardtii subjected to heat shock. The p-value is the Benjamini-Hochberg adjusted 
value from the hypergeometric test for pathway enrichment 
KEGG pathway p-value Significantly 
Up-
regulated 
Transcripts 
in Pathway 
Total 
Significantly 
Up-
regulated 
Transcripts 
Detected 
Transcripts 
in Pathway 
Total 
Detected 
Transcripts 
Ribosome 0.00000 68 2525 121 11851 
Protein processing in 
endoplasmic 
reticulum 
0.00000 
40 
2525 
74 
11851 
Proteasome 0.00000 24 2525 34 11851 
Photosynthesis 0.00010 20 2525 35 11851 
Endocytosis 0.00032 26 2525 55 11851 
Photosynthesis – 
antenna proteins 
0.00052 
13 
2525 
20 
11851 
Ubiquitin mediated 
proteolysis 
0.00175 
23 
2525 
51 
11851 
SNARE interactions 
in vesicular transport 
0.01612 
9 
2525 
15 
11851 
 
 
Table 3.6 KEGG pathways significantly enriched in 2-fold down-regulated genes of 
C. reinhardtii subjected to heat shock. The p-value is the Benjamini-Hochberg 
adjusted value from the hypergeometric test for pathway enrichment 
KEGG pathway p-value Significantly 
Down-
regulated 
Transcripts 
in Pathway 
Total 
Significantly 
Down-
regulated 
Transcripts 
Detected 
Transcripts 
in Pathway 
Total 
Detected 
Transcripts 
Ribosome biogenesis 
in eukaryotes 
0.00001 26 2213 49 11851 
N-Glycan 
biosynthesis 
0.00020 14 2213 22 11851 
Other types of O-
glycan biosynthesis 
0.00050 11 2213 16 11851 
RNA Polymerase 0.01853 12 2213 25 11851 
 
 
 
92 
Table 3.7 KEGG pathways significantly enriched in 2-fold down-regulated genes of 
C. sp. UWO 241 subjected to heat shock. The p-value is the Benjamini-Hochberg 
adjusted value from the hypergeometric test for pathway enrichment 
KEGG pathway p-value Significantly 
Down-
regulated 
Transcripts 
in Pathway 
Total 
Significantly 
Down-
regulated 
Transcripts 
Detected 
Transcripts 
in Pathway 
Total 
Detected 
Transcripts 
Purine metabolism 0.01854 22 720 82 5816 
Alanine, aspartate and 
glutamate metabolism 
0.01854 10 720 25 5816 
Arginine biosynthesis 0.03126 8 720 19 5816 
DNA replication 0.04304 9 720 25 5816 
 
The same Venn diagram organisation as Fig. 3.11 is used in Fig 3.12, but the gene lists 
were further restricted to those exhibiting four fold change (Benjamini-Hochberg 
adjusted p < 0.05). This more stringent fold-change cut-off led to a larger reduction in the 
number of regulated genes in UWO 241 than in C. reinhardtii. The percentage of 
transcripts whose expression was changed four fold by the heat shock in UWO 241 was 
just 9.2% while 24.7% of transcripts responded in C. reinhardtii  (Benjamini-Hochberg 
adjusted p < 0.05) (Table 3.3). With this level of stringency, the number of genes 
regulated co-ordinately in the two species (59) (i.e. up in both species or down in both 
species) was roughly four times the number whose regulation was in opposite directions 
(16) (i.e. up in one species and down in the other) upon application of heat shock (Fig. 
3.12).  
Logical subsets of genes regulated four-fold by the heat shock treatment were submitted 
to KEGG analysis, however no patterns in the pathways significantly enriched in up- or 
down-regulated genes in either species were evident. 
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Fig. 3.12 Venn diagram illustrating intersection of transcripts up- or down-
regulated (> 4-fold change, p < 0.05) in heat shock experiments involving C. sp. 
UWO 241 and C. reinhardtii. 
3.4 Discussion 
While few studies regarding the heat shock response in psychrophilic organisms have 
been published, those that have point to aberrant expression of HSPs under heat shock-
inducing conditions (Deegenaars and Watson 1997, 1998). The present study 
characterizes the growth temperature and heat shock responses of a psychrophilic alga, 
Chlamydomonas sp. UWO 241 including both a targeted analysis of HSP transcript 
levels, as well as the general analysis of global changes to the transcriptome on exposure 
to heat shock. These results have been compared to those obtained for the model 
mesophilic alga C. reinhardtii.  
In response to heat shock, C. reinhardtii up-regulates 29.7% and down regulates 25% of 
its transcripts, while UWO 241 up-regulates 16.5% and down-regulates 15.2% of its 
transcripts (Table 3.2). The lower variance in the UWO 241 RNA-Seq, based on the 
inclusion of three replicates compared with the two replicates used for C. reinhardtii, 
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enhances the detection of transcripts whose expression differs significantly between 
treatments in UWO 241. It is likely that, were three replicates used to assess the change 
in transcript levels on heat shock in C. reinhardtii, the number of transcripts with 
detectable significant changes in abundance would be even higher than those reported 
above. Furthermore, KEGG pathway analysis suggests that the change in transcript 
abundances seen in heat-shocked C. reinhardtii regulate pathways in a manner consistent 
with a functional response to the challenges of high temperatures (Tables 3.5 – 
3.6)(Schroda et al. 2015), where no such consistency is seen in pathways regulated by 
heat-shocked UWO 241 (Table 3.7). 
The qPCR results depicting HSP transcript abundance for C. reinhardtii and UWO 241 
are also dissimilar from each other, but in a different way than the RNA-Seq results. 
Where the RNA-Seq results show UWO 241 failing to respond to thermal challenge, the 
qPCR results showed that for every HSP transcript assayed, with the exceptions of 
HSP101 and the Heat Shock transcription factor HSF1, UWO 241 exhibited higher HSP 
transcript levels than C. reinhardtii, which could better position the psychrophile to 
respond to thermal challenge (Fig. 3.4 and Fig. 3.5). These differences in transcript 
abundance are reflected by protein abundance as indicated by protein-gel blot analysis for 
the proteins CPN60A, HSP70A and HSP90A (Fig. 3.7). Together the observations from 
the RNA-Seq, qPCR and Western blot experiments could indicate a basis for the 
psychrophily of UWO 241. While the abundance of HSP transcripts and proteins in 
UWO 241 at its growth temperatures are considerably greater than in C. reinhardtii 
across its growth temperature range, when heat shocked above their maximal growth 
temperatures C. reinhardtii makes considerable changes its transcriptome, while that of 
UWO 241 changes much less (Fig. 3.10). The absence of a global response to the heat 
shock conditions in UWO 241 shows that this organism does not respond in a functional 
manner to this non-permissive temperature. This contention is supported by the 
observation that the KEGG pathways responding to heat shock in C. reinhardtii are more 
consistent with the protective mechanisms of the heat-shock response than those of UWO 
241 (Tables 3.5 – 3.7)(Schroda et al. 2015). 
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The finding from the qPCR experiment that the within-species trends in transcript 
abundance across each species’ growth temperature range were similar for all HSP 
transcripts assayed except HSP101, while less striking than the higher levels of these 
transcripts in UWO 241, provides validation for the idea that HSP transcript abundance 
responds in a stress-appropriate and similar way in these two species. In combination 
with Table 4, which shows the fold change in these same transcripts in the heat shocked 
cultures, these results may illustrate what aspects of the cell biology of these two species 
are not impacted by the heat shock. Two transcripts which were lower or constant at 
higher steady-state growth temperatures in both C. reinhardtii and UWO 241 as 
measured by qPCR, namely HSP33 and CPN60A (Fig. 3.4D and E), also declined 
between the control and heat shock conditions as measured by RNA-Seq (Table 3.4). 
These were the only two transcripts monitored in the steady-state growth temperature 
experiment which declined in the heat shock experiment. Both of these transcripts are 
localized to the chloroplast in Chlamydomonas (Tanaka et al. 2000, Segal and Shapira 
2015), where HSP33 plays a role in protecting proteins from oxidative stress (Segal and 
Shapira 2015) and CPN60A is involved in protein re-folding (Thirumalai and Lorimer 
2001). The constancy / decline in the abundance of transcripts encoding for these 
chloroplastic proteins across the growth temperature ranges (Fig. 3.4D and E) and the 
decline upon heat shock (Table 3.4) may indicate that the chloroplast is not negatively 
impacted by higher temperatures. Thermal challenge is associated with oxidative stress in 
plants (Wang et al. 2018) and oxidative stress with HSP33 expression in C. reinhardtii 
(Segal and Shapira 2015) but HSP33 mRNA abundance declined under high growth 
temperatures and heat shock. Misfolded proteins in the chloroplast induce the 
chloroplastic unfolded protein response (Ramundo and Rochaix 2014) which includes 
greater CPN60A abundance (Zybailov et al. 2009), however CPN60A transcripts did not 
respond to high growth temperatures and declined under heat shock. The idea that the 
chloroplast is not negatively impacted by high growth temperature stress or heat shock is 
supported by the KEGG analysis of pathways enriched in significantly up-regulated 
transcripts in C. reinhardtii (Table 3.5) but not in UWO 241: both photosynthetic 
electron transport chain components (‘Photosynthesis’ pathway) and the pathway 
‘Photosynthesis – antenna proteins’ are up-regulated in response to the heat shock in C. 
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reinhardtii (Table 3.5). This suggests either a diminished source strength or increased 
sink strength for photosynthetic electrons. The latter interpretation is favoured given: (1) 
the undiminished photosynthetic oxygen evolution in C. reinhardtii under short-term heat 
shock (Hemme et al. 2014) (2) the increase in enzymatic turnover rates that occurs at 
higher temperatures which could increase CBB cycle rates in photoautotrophic cells 
(Kaplan et al. 2004) and the direction of photosynthetic electrons towards lipid synthesis 
as part of homeoviscous adaptation (Schroda et al. 2015). 
The design of experiments utilising different temperature ranges or temperature shift 
regimes involving organisms with non-overlapping temperature niches such as the 
psychrophile, UWO 241, and the mesophile, C. reinhardtii, requires careful 
consideration. The steady state growth temperature experiment is comparatively 
straightforward: temperatures were selected covering most of the organisms’ temperature 
niche with more intensive sampling of higher temperatures at which HSP expression may 
be important for the organisms’ growth. The temperature shift experiment to non-
permissive temperatures, however, presents a greater challenge with respect to the 
selection of appropriate temperatures. Since the heat shock experiment involving C. 
reinhardtii was performed previously by another research group (Légeret et al. 2016), the 
conditions for the experiment involving UWO 241 were selected to replicate a 
comparable magnitude of heat shock. It has previously been shown that when UWO 241 
is subjected to a shift from 10° to 24°C its photosynthetic and respiratory physiology are 
significantly impaired and the abundance of photosynthesis-related and HSP-encoding 
RNAs change considerably (Possmayer et al. 2011). It was also shown that incubation at 
24°C is eventually lethal to UWO 241 in a time-dependent manner. However the level of 
cell death is low (<10%) after six hours at this temperature and the perturbations to UWO 
241’s physiology and molecular biology are fully recoverable by a shift back to the 
optimal growth temperature following a 12 hour incubation at 24°C (Possmayer et al. 
2011). Similarly, the growth, photosynthetic physiology, and metabolite and proteome 
profiles of C. reinhardtii exposed to a temperature shift from 25° to 42°C for 24 hours 
was perturbed (Hemme et al. 2014). This shift to a non-permissive temperature resulted 
in an arrest in DNA replication and cell division but a continuation of the growth of cell 
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size and chlorophyll/cell. These metrics also returned partially towards their pre-shock 
values during the recovery period (Hemme et al. 2014).  
Three aspects of the physiology of these species of Chlamydomonas were measured in 
both studies before and during the heat shock: chlorophyll concentration, photosynthetic 
oxygen evolution, and cell death. In UWO 241 the chlorophyll concentration rose by 
38% over 24 hours of heat shock at 24°C (Possmayer et al. 2011), while in C. reinhardtii 
the increase was 25% over the same period at 42°C (Hemme et al. 2014). Since 
chlorophyll biosynthesis is a tightly controlled and energetically expensive processes 
(Voss et al. 2011), the comparable change in chlorophyll concentration in these two 
experiments support the assertion that the temperature shift regime of these two 
experiments was broadly similar. Photosynthetic oxygen evolution light response curves 
were collected for C. reinhardtii and UWO 241 subjected to heat shock. The maximum 
light saturated photosynthetic rate (PMAX) declined 63% during 24 hours of heat shock in 
C. reinhardtii, while during 12 hours of heat shock in UWO 241 the decline was 44% 
(Possmayer et al. 2011, Hemme et al. 2014). The decline in photosynthetic efficiency as 
calculated from the light response curve was 36% in C. reinhardtii and 42% in UWO 241 
(Possmayer et al. 2011, Hemme et al. 2014). Thus, photosynthetic efficiency and 
photosynthetic capacity in C. reinhardtii and UWO 241 were inhibited to comparable 
extents upon exposure to heat shock regimes used here. Lastly, here I present the results 
of the SYTOX Green cell death assay for a heat shock of C. reinhardtii (Fig. 3.8). The 
duration of heat shock required to kill 50% of the cells was 24.5 hours in cultures of C. 
reinhardtii and 33.8 hours for cultures of UWO 241 (Fig. 3.8). These findings, 
comprising the experiments monitoring chlorophyll concentration, photosynthetic oxygen 
evolution and cell death, together provide support for the broad equivalence of the two 
temperature shift regimes. Thus, I conclude that the heat shock regimes for the mesophile 
and the psychrophile were comparable.  
High growth temperature and heat shock have deleterious impacts on a variety of cellular 
processes, such as protein folding, membrane and membrane protein function, 
metabolism due to changes in enzyme activity, DNA replication and cell division 
(Schroda et al. 2015). It has been hypothesized that HSPs may be expressed in a stress-
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specific manner (Schroda et al. 2015). If this is true of Chlamydomonas, the differences 
in the HSP transcript temperature profiles between the psychrophilic and mesophilic 
species may indicate the nature of the problems posed to them by high temperatures. In 
contrast to previous studies of HSP transcript abundance in C. reinhardtii which have 
concentrated on transient changes following heat shock (Schulz-Raffelt et al. 2007, 
Schmollinger et al. 2013), results presented here show the persistent steady-state levels of 
HSP transcripts across a range of steady-state growth temperatures in C. reinhardtii and 
the psychrophilic UWO 241. In contrast to heat shock experiments, persistent differences 
in transcript abundance were uncovered across the range of temperatures at which these 
two species grow. In particular, in UWO 241 transcripts encoding HSP22A, HSP33, 
CPN60A, HSP70A and HSP90A were higher than in C. reinhardtii, while HSP101 and 
HSF1 were higher in C. reinhardtii than in UWO 241. If HSP expression occurs in a 
stress-specific and appropriate manner (Schroda et al. 2015), these findings would 
illustrate the similarities and differences of the physiological challenges posed by high 
growth temperature in these two species. The maintenance of high mRNA levels for the 
smaller HSPs which function as chaperones could indicate that UWO 241 invests 
significantly in avoiding the formation of potentially toxic protein aggregates. The high 
level of HSP101 mRNA in C. reinhardtii could indicate that this species tolerates the 
formation of protein aggregates; if the high mRNA level of HSP101 is translated into a 
higher protein abundance, C. reinhardtii would thus have the machinery to disaggregate 
these complexes. The lower level of HSF1 mRNA in UWO 241 may be an indication that 
the Heat Shock Response is constitutively primed, or that some heat stress promoters 
have become constitutive in this organism, which is consistent with the muted response to 
heat shock relative to C. reinhardtii observable in the experiments described here (Figs. 
3.11 and 3.12, Tables 3.2, 3.3 and 3.4). The abundance of HSP101 increased 
exponentially at the upper end of the psychrophile’s temperature range, while no such 
change in transcript abundance existed in C. reinhardtii. The role of HSP101 in the cell is 
to dismantle denatured protein aggregates; thus the greater relative abundance of its 
transcript in UWO 241 at elevated temperatures may be an indication that aggregation of 
denatured proteins is problematic for the cell at these temperatures. While analysis of the 
level of protein aggregation present in vivo at different temperatures is beyond the scope 
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of this study, further investigation is warranted to determine if the patterns of HSP101 
transcript abundance observed across each species’ temperature range is duplicated in the 
abundance of its protein product, as was the case for CPN60A, HSP70A and HSP90A. 
These findings support the hypothesis that UWO 241 may exist in a constitutively primed 
state with respect to the Heat Shock response, which would explain the muted response in 
transcript abundances of UWO 241 upon transfer to heat shock conditions (Fig. 3.10, 
Table 3.4). In addition to further protein-gel blot analysis, digital PCR could be used to 
determine the absolute abundances of transcripts encoding for HSPs, shedding light on 
the adaptive strategies for the management of misfolded proteins in C. reinhardtii and 
UWO 241. 
Here I have shown that UWO 241 has retained the HSP gene families known to be 
present in the related mesophile, C. reinhardtii. Moreover, the abundance of most HSP 
transcripts is higher in UWO 241, and the relative abundance of all assayed HSP’s, 
CPN60A, HSP70A and HSP90A, are higher across the respective ranges of growth 
temperatures in UWO 241 than in C. reinhardtii. However, the response of UWO 241 to 
heat shock, bears little resemblance to what is observed in C. reinhardtii. While C. 
reinhardtii undertakes a widespread remodelling of its transcriptome in response to heat 
shock, a similar stress applied to UWO 241 leads to much smaller changes to 
transcriptome wide mRNA abundances. These findings support two hypotheses about the 
relationship between the HSPs of UWO 241 and temperature. First, the Heat Shock 
Response of UWO 241 may be constitutively primed, such that there is little room for 
further induction of the response when shifted to heat shock conditions. Second, this 
constitutive priming of the heat shock response, leading to higher levels of HSP 
transcripts and proteins, may be part of a strategy to avoid potentially toxic protein 
aggregation caused by proteins misfolded either due to excessively low or high 
temperatures (Yusof et al. 2016). The near absence of a response of UWO 241 to supra-
optimal temperature exposure suggests that its capacity to manage protein misfolding and 
aggregation is near its maximal levels at low growth temperatures, and the additional load 
imposed by exposure to temperatures above 18°C pushes the systems to control protein 
folding beyond their breaking point. This perspective sheds light on the nature of the 
psychrophily of UWO 241; since it cannot manage protein quality control at a 
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temperatures above 18°C its growth and survival is limited to lower temperatures such as 
those found in its natural habitat.  
3.5 References 
Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W. & Lipman, 
D.J. 1997. Gapped BLAST and PSI-BLAST: a new generation of protein database 
search programs. Nucleic Acids Res. 25:3389–402. 
Benjamini, Y. & Hochberg, Y. 1995. Controlling the False Discovery Rate: A Practical 
and Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B Methodol. 
57:289–300. 
Bolger, A.M., Lohse, M. & Usadel, B. 2014. Trimmomatic: A flexible trimmer for 
Illumina Sequence Data. Bioinformatics. btu170. 
Deegenaars, M.L. & Watson, K. 1997. Stress proteins and stress tolerance in an 
Antarctic, psychrophilic yeast, Candida psychrophila. FEMS Microbiol. Lett. 
151:191–6. 
Deegenaars, M.L. & Watson, K. 1998. Heat shock response in psychrophilic and 
psychrotrophic yeast from Antarctica. Extrem. Life Extreme Cond. 2:41–9. 
Dent, R.M., Han, M. & Niyogi, K.K. 2001. Functional genomics of plant photosynthesis 
in the fast lane using Chlamydomonas reinhardtii. Trends Plant Sci. 6:364–71. 
Dolhi, J.M. 2014. Environmental impacts on RubisCO: From green algal laboratory 
isolates to Antarctic lake communities. Ph.D., Miami University, United States -- 
Ohio, 165 pp. 
Doyle, J. 1991. DNA Protocols for Plants. In Hewitt, G. M., Johnston, A. W. B. & 
Young, J. P. W. [Eds.] Molecular Techniques in Taxonomy. Springer Berlin 
Heidelberg, Berlin, Heidelberg, pp. 283–93. 
Grabherr, M.G., Haas, B.J., Yassour, M., Levin, J.Z., Thompson, D.A., Amit, I., 
Adiconis, X. et al. 2011. Full-length transcriptome assembly from RNA-Seq data 
without a reference genome. Nat. Biotechnol. 29:644–52. 
Hemme, D., Veyel, D., Mühlhaus, T., Sommer, F., Jüppner, J., Unger, A.-K., Sandmann, 
M. et al. 2014. Systems-Wide Analysis of Acclimation Responses to Long-Term 
Heat Stress and Recovery in the Photosynthetic Model Organism 
Chlamydomonas reinhardtii. Plant Cell. 26:4270–97. 
Jeffrey, S.W. & Humphrey, G.F. 1975. New Spectrophotometric Equations for 
Determining Chlorophyll a Chlorophyll B Chlorophyll C-1 and Chlorophyll C-2 
in Higher Plants Algae and Natural Phyto Plankton. Biochem. Physiol. Pflanz. 
BPP. 167:191–4. 
Jones, D.T., Taylor, W.R. & Thornton, J.M. 1992. The rapid generation of mutation data 
matrices from protein sequences. Comput. Appl. Biosci. CABIOS. 8:275–82. 
 
101 
Kaplan, F., Kopka, J., Haskell, D.W., Zhao, W., Schiller, K.C., Gatzke, N., Sung, D.Y. et 
al. 2004. Exploring the Temperature-Stress Metabolome of Arabidopsis. Plant 
Physiol. 136:4159–68. 
Kelley, D.R., Schatz, M.C. & Salzberg, S.L. 2010. Quake: quality-aware detection and 
correction of sequencing errors. Genome Biol. 11:R116. 
Larkin, M.A., Blackshields, G., Brown, N.P., Chenna, R., McGettigan, P.A., McWilliam, 
H., Valentin, F. et al. 2007. Clustal W and Clustal X version 2.0. Bioinformatics. 
23:2947–8. 
Légeret, B., Schulz-Raffelt, M., Nguyen, H.M., Auroy, P., Beisson, F., Peltier, G., Blanc, 
G. et al. 2016. Lipidomic and transcriptomic analyses of Chlamydomonas 
reinhardtii under heat stress unveil a direct route for the conversion of membrane 
lipids into storage lipids. Plant Cell Environ. 39:834–47. 
Livak, K.J. & Schmittgen, T.D. 2001. Analysis of Relative Gene Expression Data Using 
Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods. 25:402–8. 
Love, M.I., Huber, W. & Anders, S. 2014. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. 
Martin, M. 2011. Cutadapt removes adapter sequences from high-throughput sequencing 
reads. EMBnet.journal. 17:10–2. 
Morgan-Kiss, R.M., Priscu, J.C., Pocock, T., Gudynaite-Savitch, L. & Huner, N.P.A. 
2006. Adaptation and Acclimation of Photosynthetic Microorganisms to 
Permanently Cold Environments. Microbiol. Mol. Biol. Rev. 70:222–52. 
Morita, R.Y. 1975. Psychrophilic bacteria. Bacteriol. Rev. 39:144–67. 
Mühlhaus, T., Weiss, J., Hemme, D., Sommer, F. & Schroda, M. 2011. Quantitative 
Shotgun Proteomics Using a Uniform 15N-Labeled Standard to Monitor 
Proteome Dynamics in Time Course Experiments Reveals New Insights into the 
Heat Stress Response of Chlamydomonas reinhardtii. Mol. Cell. Proteomics. 
10:M110.004739. 
Pocock, T., Lachance, M.-A., Pröschold, T., Priscu, J.C., Kim, S.S. & Huner, N.P.A. 
2004. Identification of a Psychrophilic Green Alga from Lake Bonney Antarctica: 
Chlamydomonas raudensis Ettl. (uwo 241) Chlorophyceae1. J. Phycol. 40:1138–
48. 
Pocock, T., Vetterli, A. & Falk, S. 2011. Evidence for phenotypic plasticity in the 
Antarctic extremophile Chlamydomonas raudensis Ettl. UWO 241. J. Exp. Bot. 
62:1169–77. 
Pocock, T.H., Koziak, A., Rosso, D., Falk, S. & Hüner, N.P.A. 2007. Chlamydomonas 
raudensis (UWO 241), Chlorophyceae, exhibits the capacity for rapid D1 repair 
in response to chronic photoinhibition at low temperature. J. Phycol. 43:924–36. 
Possmayer, M., Berardi, G., Beall, B.F.N., Trick, C.G., Hüner, N.P.A. & Maxwell, D.P. 
2011. Plasticity of the psychrophilic green alga Chlamydomonas raudensis (UWO 
241) (Chlorophyta) to supraoptimal temperature stress. J. Phycol. 47:1098–109. 
 
102 
Possmayer, M., Gupta, R.K., Szyszka-Mroz, B., Maxwell, D.P., Lachance, M.-A., Hüner, 
N.P.A. & Smith, D.R. 2016. Resolving the phylogenetic relationship between 
Chlamydomonas sp. UWO 241 and Chlamydomonas raudensis sag 49.72 
(Chlorophyceae) with nuclear and plastid DNA sequences. J. Phycol. 52:305–10. 
Ramundo, S. & Rochaix, J.-D. 2014. Chloroplast unfolded protein response, a new 
plastid stress signaling pathway? Plant Signal. Behav. 9. 
Raymond, J.A. & Morgan-Kiss, R. 2013. Separate Origins of Ice-Binding Proteins in 
Antarctic Chlamydomonas Species. PLOS ONE. 8:e59186. 
Rochaix, J.-D. 2002. Chlamydomonas, a model system for studying the assembly and 
dynamics of photosynthetic complexes. FEBS Lett. 529:34–8. 
Schmollinger, S., Schulz-Raffelt, M., Strenkert, D., Veyel, D., Vallon, O. & Schroda, M. 
2013. Dissecting the Heat Stress Response in Chlamydomonas by Pharmaceutical 
and RNAi Approaches Reveals Conserved and Novel Aspects. Mol. Plant. 
6:1795–813. 
Schroda, M., Hemme, D. & Mühlhaus, T. 2015. The Chlamydomonas heat stress 
response. Plant J. 82:466–80. 
Schroda, M. & Vallon, O. 2009. Chapter 19 - Chaperones and Proteases. In Stern, D. B. 
[Ed.] The Chlamydomonas Sourcebook Volume 2: Organellar and Metabolic 
Processes. Academic Press, London, pp. 671–729. 
Schulz-Raffelt, M., Lodha, M. & Schroda, M. 2007. Heat shock factor 1 is a key 
regulator of the stress response in Chlamydomonas. Plant J. 52:286–95. 
Segal, N. & Shapira, M. 2015. HSP33 in eukaryotes – an evolutionary tale of a chaperone 
adapted to photosynthetic organisms. Plant J. 82:850–60. 
Simpson, J.T., Wong, K., Jackman, S.D., Schein, J.E., Jones, S.J.M. & Birol, İ. 2009. 
ABySS: A parallel assembler for short read sequence data. Genome Res. 
19:1117–23. 
Szyszka, B., Ivanov, A.G. & Hüner, N.P.A. 2007. Psychrophily is associated with 
differential energy partitioning, photosystem stoichiometry and polypeptide 
phosphorylation in Chlamydomonas raudensis. Biochim. Biophys. Acta BBA - 
Bioenerg. 1767:789–800. 
Szyszka-Mroz, B., Pittock, P., Ivanov, A.G., Lajoie, G. & Hüner, N.P.A. 2015. The 
Antarctic Psychrophile Chlamydomonas sp. UWO 241 Preferentially 
Phosphorylates a Photosystem I-Cytochrome b6/f Supercomplex. Plant Physiol. 
169:717–36. 
Tamura, K., Stecher, G., Peterson, D., Filipski, A. & Kumar, S. 2013. MEGA6: 
Molecular Evolutionary Genetics Analysis Version 6.0. Mol. Biol. Evol. 30:2725–
9. 
Tanaka, Y., Nishiyama, Y. & Murata, N. 2000. Acclimation of the Photosynthetic 
Machinery to High Temperature in Chlamydomonas reinhardtii Requires 
Synthesis de Novo of Proteins Encoded by the Nuclear and Chloroplast Genomes. 
Plant Physiol. 124:441–50. 
 
103 
Thirumalai, D. & Lorimer, G.H. 2001. Chaperonin-Mediated Protein Folding. Annu. Rev. 
Biophys. Biomol. Struct. 30:245–69. 
Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., Remm, M. & 
Rozen, S.G. 2012. Primer3--new capabilities and interfaces. Nucleic Acids Res. 
40:e115–e115. 
Vabulas, R.M., Raychaudhuri, S., Hayer-Hartl, M. & Hartl, F.U. 2010. Protein Folding in 
the Cytoplasm and the Heat Shock Response. Cold Spring Harb. Perspect. Biol. 
2. 
Voss, B., Meinecke, L., Kurz, T., Al-Babili, S., Beck, C.F. & Hess, W.R. 2011. Hemin 
and Magnesium-Protoporphyrin IX Induce Global Changes in Gene Expression in 
Chlamydomonas reinhardtii. Plant Physiol. 155:892–905. 
Wallace, E.W.J., Kear-Scott, J.L., Pilipenko, E.V., Schwartz, M.H., Laskowski, P.R., 
Rojek, A.E., Katanski, C.D. et al. 2015. Reversible, specific, active aggregates of 
endogenous proteins assemble upon heat stress. Cell. 162:1286–98. 
Wang, Q.-L., Chen, J.-H., He, N.-Y. & Guo, F.-Q. 2018. Metabolic Reprogramming in 
Chloroplasts under Heat Stress in Plants. Int. J. Mol. Sci. 19:849. 
Yusof, N.A., Hashim, N.H.F., Beddoe, T., Mahadi, N.M., Illias, R.M., Bakar, F.D.A. & 
Murad, A.M.A. 2016. Thermotolerance and molecular chaperone function of an 
SGT1-like protein from the psychrophilic yeast, Glaciozyma antarctica. Cell 
Stress Chaperones. 21:707–15. 
Zybailov, B., Friso, G., Kim, J., Rudella, A., Rodríguez, V.R., Asakura, Y., Sun, Q. et al. 
2009. Large Scale Comparative Proteomics of a Chloroplast Clp Protease Mutant 
Reveals Folding Stress, Altered Protein Homeostasis, and Feedback Regulation of 
Metabolism. Mol. Cell. Proteomics MCP. 8:1789–810. 
  
 
104 
 
3.6 Supplemental Materials 
Table 3.S1 Primer and Probe sequences used for RT-qPCR quantification of heat 
stress related transcripts in C. reinhardtii 
Target RNA Oligo Sequence 
18S rRNA Left Primer TGACGGAGGATTAGGGTTCG 
 Right Primer ATTGTCACTACCTCCCCGTG 
 Probe AAGGCAGCAGGCGCGCAAAT 
HSP22A Left Primer GGACCCTTTCTTCACCGAA 
 Right Primer GGGAGACTCGATGATGTCCA 
 Probe ACCGCGCAGTCAACCGCATGATTA 
HSP33 Left Primer GGCAACGTCAAGGGGAAAAT 
 Right Primer CAACACACCTTGCCCCAC 
 Probe CCCTGACGGCAAGCTGAATGTGGG 
CPN60A Left Primer GCAGGAGGGCATGGAGA 
 Right Primer CAACACGCGGCAGTTGTC 
 Probe CCAGTTCGTGACCAACCAGGAGCG 
HSP70A Left Primer CCAAGAACCAGGTCGCTATG 
 Right Primer ACAATGGGGTCCGAGAACTT 
 Probe CCGCGCCACACGGTGTTCG 
HSP90A Left Primer CTTGCCCTCCTCCTCCTCC 
 Right Primer TCCTACCCCATCTCGCTGTG 
 Probe CCTCCTCCTCGGCCTCGTCG 
HSP101 Left Primer TGTTCGACGAGGTGGAGAAG 
 Right Primer ACACGGCCCTGCGAGT 
 Probe CTGCTGCAGATCCTGGACGACGG 
HSF1 Left Primer CTCAACACCTATGGATTTCGCA 
 Right Primer CCCGCAACTGTTCCTTCTTG 
 Probe CCGACCGCTGGGAGTTCGCAAAC 
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Table 3.S2: Primer and Probe sequences used for RT-qPCR quantification of heat 
stress related transcripts in C. sp. UWO 241 
Target RNA Oligo Sequence 
18S rRNA Left Primer TGACGGAGGATTAGGGTTCG 
 Right Primer ATTGTCACTACCTCCCCGTG 
 Probe AAGGCAGCAGGCGCGCAAAT 
HSP22A Left Primer CCAAGGACGCGTTTGAGTTT 
 Right Primer TCACTGCCCTCGTCCTTG 
 Probe CCGAGGAGATCACTGTTGCGCTGG 
HSP33 Left Primer CTTCTCGTTGCAGAACTCGC 
 Right Primer GCCGTGCGAAAAGGAGC 
 Probe CTCGATCTTGCCCTCGGTCGCTTG 
CPN60A Left Primer TCAACGGACGTGAGGACATC 
 Right Primer CCGTTGTTTCCGACCTTCTC 
 Probe AACGTGGCATCGATCTCTGCCGG 
HSP70A Left Primer ATCTTCTCCAGCAGCCATGT 
 Right Primer ATGATCTCCACGCGGTCATT 
 Probe TTGGAATCGACCTCGGCACCACGT 
HSP90A Left Primer AGAAGGTCCTCGTGTCTGAC 
 Right Primer GCCTTCATGATGCGCTCC 
 Probe CTCCGTGCGTGCTCGTGACC 
HSP101 Left Primer TGCTCTCTGACCGCTACATC 
 Right Primer AGAATCTGGCGGTCGATCAC 
 Probe CAGCCGCAAAGCTCAAGATGGAGATC 
HSF1 Left Primer TCAAGCACAACAACTTCTCCT 
 Right Primer ATGTCTTTCAGCAGGTCACG 
 Probe CCAGCTCAACACGTACGGCTTCAGG 
 
Table 3.S3. Results of Trinity transcriptome assembly of C. sp. UWO 241 RNA-Seq 
data 
Total Trinity 
‘Genes’  
Total Trinity 
‘Transcripts’ 
GC% N50 Average 
Length 
Total 
Bases 
203 672 242 444 62.48 789 588.39 142 652 
190 
 
Table 3.S4. Results of ABySS genome assembly of C. sp. UWO 241 DNA-Seq data 
Total Scaffolds  GC% N50 Total Bases 
501 481 60.32 3 411 201 850 173 
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Table 3.S5. Results of RNA-seq read mapping to Trinity assembly. All counts are 
for read pairs 
 
Library 
 
Reads 
 
Reads Mapped 
Reads Mapped to 
Identified 
Transcripts 
Control 1 35 123 663 21 112 126 15 482 533 
Control 2 38 690 665 23 260 142 17 148 332 
Control 3 36 048 186 21 749 429 16 062 115 
Heat shock 1 39 387 702 22 229 087 14 173 289 
Heat shock 2 43 653 711 24 190 883 15 326 790 
Heat shock 3 33 404 652 18 879 187 11 913 069 
 
 
Fig. 3.S1 Multiple protein sequence alignment of HSP22A from various cold-
adapted and mesophilic algae, and A. thaliana. Alignment was computed using the 
ClustalW algorithm. The sequence logo height indicates the degree of amino acid 
conservation across species in the alignment.  
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Fig. 3.S2 Multiple protein sequence alignment of HSP33 from various cold-adapted 
and mesophilic algae. Alignment was computed using the ClustalW algorithm. The 
sequence logo height indicates the degree of amino acid conservation across species 
in the alignment. 
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Fig. 3.S3 Multiple protein sequence alignment of CPN60A from various cold-
adapted and mesophilic algae, and A. thaliana. Alignment was computed using the 
ClustalW algorithm. The sequence logo height indicates the degree of amino acid 
conservation across species in the alignment. 
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Fig. 3.S4 Multiple protein sequence alignment of HSP70A from various cold-
adapted and mesophilic algae, and A. thaliana. Alignment was computed using the 
ClustalW algorithm. The sequence logo height indicates the degree of amino acid 
conservation across species in the alignment. 
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Fig. 3.S5 Multiple protein sequence alignment of HSP90A from various cold-
adapted and mesophilic algae, and A. thaliana. Alignment was computed using the 
ClustalW algorithm. The sequence logo height indicates the degree of amino acid 
conservation across species in the alignment. 
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Fig. 3.S6 Multiple protein sequence alignment of HSP101 from various cold-adapted 
and mesophilic algae, and A. thaliana. Alignment was computed using the ClustalW 
algorithm. The sequence logo height indicates the degree of amino acid conservation 
across species in the alignment.    
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Chapter 4  
4 Comparative Molecular Dynamic Survey of Calvin 
Cycle Regulatory Enzymes from Psychrophilic and 
Mesophilic Chlamydomonas species 
4.1 Introduction 
Micro-organisms which grow at low temperatures (e.g. below 15°C), but are unable to 
tolerate moderate temperatures such as those above 20°C, are known as psychrophiles 
(Morita 1975). The success of this type of organism can be attributed to their having a 
suite of adaptations beneficial to life at low temperatures which includes cold active 
enzymes (Siddiqui and Cavicchioli 2006). Cold-active enzymes are enzymes which 
exhibit a lower optimal temperature and a lower temperature of inactivation than 
mesophilic enzymes.   
Cold-active enzymes generally have a high reaction rate (kcat) and Michaelis-Menten 
constant (Km) relative to enzymes from mesophilic organisms (Siddiqui and Cavicchioli 
2006). Various explanations of the ways in which cold-active enzymes achieve higher 
activity levels at low temperatures than their orthologues from mesophilic organisms (or 
‘classical’ enzymes) have been offered in the literature. The dominant paradigm is that 
flexibility, either of the protein as a whole or of the active site specifically, results in the 
exchange of some of the enthalpic (heat) contribution to the enzyme-substrate complex 
reaching the transition state for negative entropy (order) (Feller and Gerday 1997) (Fig. 
4.1). This can result in the cold-active enzyme-catalyzed reaction having a lower free 
energy barrier (G‡) than that of a classical orthologue (Fig. 4.1)(Altermark et al. 2007). 
One way in which the transition-state free energy barrier (ΔG‡) is lowered in cold-active 
enzymes is through the active site binding the substrate less tightly. This results in a 
shallower free energy well in cold-active enzyme reaction coordinate (ΔGES-C < ΔGES-W, 
Fig. 4.1) thus an effectively lower free energy barrier for the enzyme-substrate complex 
to overcome to move through the reaction coordinate (ΔG‡C < ΔG‡W, Fig. 4.1)(Feller and 
Gerday 1997). Additionally, a cold-active enzyme-substrate complex with higher 
flexibility will, as a result of stochastic motions, achieve conformations which assist in 
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progression through the reaction coordinate. These conformations may be unavailable to 
warm-active enzyme-substrate complexes with the levels of free energy present at a low 
temperature. It has been hypothesized that the flexibility that allows redistribution of the 
transition state enthalpy (ΔH‡) to negative entropy (TΔS‡) makes cold-active enzymes 
more susceptible to thermal inactivation (Siddiqui and Cavicchioli 2006).  
 
Fig. 4.1 Illustration of the effect of enzymatic Cold Adaptation on the free energy 
profile along the reaction coordinate. Abbreviations: E – Enzyme. S – Substrate. P – 
Product(s). ES – Enzyme-Substrate complex. ES‡ – Enzyme-Substrate complex in 
transition state. ΔGES-C – Change in Gibbs free energy upon ES formation in Cold-
Active enzyme. ΔGES-W – Change in Gibbs free energy upon ES formation in Warm-
Active enzyme. ΔG‡C – Change in Gibbs free energy upon ES‡ formation in Cold-
Active enzyme. ΔG‡W – Change in Gibbs free energy upon ES‡ formation in Cold-
Active enzyme. 
The energy flowing through nearly every ecosystem on earth arrived as sunlight which 
was captured by photosynthetic organisms and converted into chemical energy (Fig. 4.2). 
This process uses light energy to create the strongest oxidant known in nature (P680+) the 
oxidized reaction centre chlorophyll of photosystem II (PS II) and generates the strong 
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reductant (reduced Ferredoxin) associated with photosystem I (PS I) via the 
photosynthetic electron transport chain (PETC)(Fig. 4.2). Ferredoxin in turn reduces 
nicotine-adenine di-nucleotide phosphate (NADPH). Adenosine tri-phosphate (ATP) is 
produced by the chloroplastic F0F1 ATPase, through the generation of a transthylakoid 
proton motive force as a consequence of photosynthetic electron transport (Fig. 4.2). 
NADPH and ATP are essential for the fixation of carbon and the regeneration of ribulose 
bis-phosphate (RuBP) by RuBP carboxylase/oxygenase (RUBISCO) and the Calvin-
Benson-Bassham cycle, respectively (Fig. 4.3). This allows for the continuous, light 
dependent, fixation of carbon dioxide (CO2) by the Calvin-Benson-Bassham cycle (CBB) 
(Fig. 4.3) when it is supplied with NADPH and ATP produced by the PETC.  
Reduced Ferredoxin is also responsible for the positive regulation of four CBB cycle 
enzymes: Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Fructose 1,6 bis-
phosphatase (FBPase), Sedoheptulose 1,7 bis-phosphatase (SBPase), and 
Phosphoribulokinase (PRuK). This is accomplished through the reduction of disulphide 
bonds in the inactive forms of these enzymes by thioredoxin, which itself is reduced by 
electrons from reduced ferredoxin via Ferredoxin-thioredoxin reductase (FTR). Since the 
reduction of ferredoxin by PSI requires light, these CBB enzymes are light-regulated.  
The activity of RUBISCO itself is also light regulated, although by a different mechanism 
than the enzymes involved in the reductive and regenerative steps of the CBB (Fig. 4.3). 
Magnesium ions, which are released from the chloroplastic lumen to the stroma to 
balance the charge of protons moved to the lumen during photon-induced photosynthetic 
electron transport, serve as cofactors to RUBISCO. The magnesium ion cofactor to 
RUBISCO binds both the substrate RuBP and CO2 during the reaction which 
incorporates the CO2 into sugar-phosphates. The binding of the magnesium ion to 
RUBISCO is enabled by the carbamylation of a RUBISCO lysine residue by RUBISCO 
Activase (RCA1) in an ATP-dependent reaction. Thus, RUBISCO Activase is dependent 
on the presence of both magnesium ions and ATP in the chloroplast stroma, which result 
from light-powered photosynthetic electron transport.  
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Fig. 4.2 Pigment-protein structures of the chloroplast’s thylakoid membrane 
through which the photosynthetic electron transport chain (PETC) passes, 
associated energy-carrying molecules and PETC sink, the Calvin-Benson-Bassham 
cycle (CBB). Electron/electron carrier movements are indicated by black arrows, 
electron carriers by white ellipses/circles, proton movements by white arrows, 
chemical reactions by red arrows with enzyme names in red. Abbreviations: PSI, 
PSII – photosystems I and II; PQ – plastoquinone; PC – plastocyanin; FNR – 
Ferredoxin – NADP reductase; FTR – Ferredoxin – Thioredoxin reductase; Fd – 
Ferredoxin; NADP(H) – Nicotinamide adenine dinucleotide phosphate (reduced); 
ADP – Adenosine di-phosphate; ATP – Adenosine tri-phosphate; Pi – phosphate; H 
– Hydrogen ion. Adapted from Wilson et al. (2006) with permission. 
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Fig. 4.3 The Calvin-Benson-Bassham cycle indicating the enzymatic subjects of this 
investigation (green text). Abbreviations: GAPDH – Glyceraldehyde-3-phosphate 
dehydrogenase. FBPase – Fructose 1,6 bis-phosphatase. SBPase – Sedoheptulose 1,7 
bis-phosphatase. PRuK – Phosphoribulokinase. 
In the psychrophilic alga Chlamydomonas sp. UWO 241, it has been shown that the 
PETC maintains photosynthetic electron flux when shifted to the non-permissive 
temperature of 24°C, a temperature that is eventually lethal to this psychrophilic alga 
(Possmayer et al. 2011). The PETC of UWO 241 is sufficiently robust that the proportion 
of absorbed photons used to drive electron transport is 1/3 its initial value after 30 hours 
at 24°C, when over 30% of the cells in the culture have died (Possmayer et al. 2011). 
This resistance of the PETC in UWO 241 to perturbation by Heat Shock suggests that the 
limitation in photosynthetic oxygen evolution (Pocock et al. 2007) and carbon fixation 
(Dolhi 2014) in UWO 241 at higher temperatures is due to a component of the CBB. 
However, the carbon assimilation rates of purified RUBISCO from UWO 241 and a 
related mesophile (Dolhi 2014) were similar to each-other and resistant to higher 
 
118 
temperatures, leading to the conclusion that the limitation of photosynthesis in whole 
cells of UWO 241 at higher temperatures is due to a component of the CBB other than 
RUBISCO.  
In natural environments the sunlight which drives photosynthesis is accompanied by 
infra-red (IR) radiation which could increase the temperature of organisms hosting the 
enzyme systems mentioned above. The environment from which UWO 241 was isolated, 
the perennially ice-covered Antarctic Lake Bonney, is extremely well buffered against 
solar heating in comparison to the soil environment in which the model alga 
Chlamydomonas reinhardtii was first found. Since UWO 241 is adapted in many ways to 
the stable, low temperature environment present in Lake Bonney, it is possible that the 
enzymes of the CBB have become cold-active. Thus, this study will examine the light-
regulated enzymes of the CBB for evidence of cold-activity which could contribute to 
psychrophily in UWO 241.  
The first insights into the sub-molecular basis of cold-adaptation came from comparisons 
of X-ray crystallographic structures of cold- and warm-active enzymes (Smalås et al. 
1990). Since that time up to 230 protein structures labelled as cold-active or as being 
from a psychrophile have been deposited in the Protein Data Bank (PDB; 
http://www.rcsb.org/pdb). Comparison of these structures with warm-active orthologues 
has allowed the putative identification of primary, secondary, tertiary and quaternary 
structural characteristics possibly related to cold adaptation (Siddiqui and Cavicchioli 
2006). As can be seen in Table 4.1, few of these hallmarks of cold-activity were assessed 
in all 14 pairs of enzymes examined. While some putative characteristics of cold-active 
enzymes appear to have little support from this dataset, it is important to remember that 
no one enzyme would be expected to exhibit all of these hallmarks of cold-activity, and 
each enzyme follows its own path to acquiring the flexibility that allows low temperature 
activity (Table 4.1)(Siddiqui and Cavicchioli 2006). A shortcoming of the analysis of 
crystal structures is that they provide a single snapshot of protein structure, and this 
snapshot may have artefacts introduced by the crystallization process. Protein structures 
in vivo are flexible entities constantly moving between a suite of conformations, of which 
the crystal structure represents just one possible conformation (Hospital et al. 2015). 
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Table 4.1 Representation of structural hallmarks of enzyme cold-adaptation from 
X-ray crystallographic structure comparisons of cold- and warm-adapted enzyme 
pairs. (Summarized from Siddiqui and Cavicchioli 2006) 
Structural Element Number of Enzyme 
Pairs Assessed for 
Element 
 Element Observed in 
Cold-Active Enzyme (%) 
Less Ile 10 60 
More Gly 14 50 
More His 12 42 
More Met 12 42 
Less total charged residues 14 29 
Low Arg/Lys ratio 14 57 
High (Glu+Asp)/(Lys+Arg) ratio 14 79 
Less Pro (in loops) 14 50 
More Pro (in α-helices) 7 29 
More/longer loops 8 25 
Decreased core hydrophobicity 9 78 
Increased surface hydrophobicity 11 64 
Increased surface hydrophilicity 8 75 
Less aromatic interactions 4 50 
Less disulphide bridges 6 17 
Less hydrogen bonds 10 40 
Less salt bridges 12 58 
Less metal-binding sites and/or 
lower affinity 
4 50 
Weaker intersubunit contacts 4 100 
Enzymes assessed: alpha amylase, citrate synthase, metalloprotease, xylanase, malate dehydrogenase, 
triosephosphate isomerase, uracil-DNA glycosylase, adenylate kinase, pepsin, elastase, trypsin, subtilisin, 
alkaline phosphatase, and cellulase. 
Molecular Dynamics (MD) is a technique which simulates the movements of atoms based 
on Newtonian laws of motion. Molecular Dynamics has been used for the investigation of 
protein structure at the molecular to atomic scales. However, in contrast to X-ray 
crystallographic structures, since MD can be used to simulate the motions of proteins in 
solution it can produce an ensemble of structures representative of the conformations 
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extant in vivo (Hospital et al. 2015). The simulation of proteins using MD approaches has 
been used to both corroborate biophysical observations of proteins, as well as go beyond 
what can be observed in traditional experiments due to the atomic-scale resolution of 
MD. It is this high resolution of MD, along with the generation of ensembles of 
structures, which moves the investigation of sub-molecular properties of enzymes beyond 
sequence analysis or comparison of X-ray crystallographic structures; MD simulation of 
enzymes allows investigation of emergent properties of the enzyme-in-solution not 
available to other analyses. 
Comparative MD simulations have been used to elucidate the effects of molecular 
differences on system dynamics for a wide variety of biological phenomena. Comparative 
MD of cold- and warm-active enzymes have shown that global or active site flexibility 
often accounts for the low-temperature activity of cold-active enzymes (reviewed in 
Tiberti and Papaleo 2011, Åqvist et al. 2017), however there is little consensus between 
studies regarding how this flexibility is manifested. Indeed, recent comparisons of cold- 
and warm-active enzymes which include MD analyses have provided a wide variety of 
explanations of how cold-active enzymes achieve the flexibility enhancing low-
temperature activity (Pasi et al. 2009, Paredes et al. 2011, Tiberti and Papaleo 2011, 
Assefa et al. 2012, Fraccalvieri et al. 2012, Sigtryggsdóttir et al. 2014, Choi et al. 2015, 
Khan et al. 2016, Åqvist 2017, Du et al. 2017, Khan et al. 2017, Michetti et al. 2017). 
The molecular-dynamic comparison of proteins from UWO 241 and C. reinhardtii 
present a currently unparalleled dyad in which to study potentially cold-active enzymes 
with a minimum of phylogenetic noise to confound the signal. A survey of publications 
reporting on comparative molecular dynamics of proteins from related psychrophiles and 
mesophiles reveals that the average percent identity of the compared proteins has been 
54% (Pasi et al. 2009, Papaleo et al. 2011, Khan et al. 2016, Du et al. 2017, Michetti et al. 
2017), with the most similar proteins being 71% identical. In contrast, the current 
investigation compares proteins with an average percent identity of 80.1% with a low of 
74.4% identical.  
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To assess the structural flexibility of CBB enzymes from UWO 241 relative to those of 
C. reinhardtii a comparative molecular dynamics study was undertaken. Metrics 
describing different aspects of the system related to the movement of the protein 
molecule were calculated for the duration of each simulation (Fig. 4.4). These metrics 
were: 
1. Root Mean Square Deviation (RMSD), a measure of the deviation in the shape of 
the amino-carboxy backbone of the enzyme between two structures (e.g. between 
species or between the starting structure and the simulated structure at a given 
time point). This metric indicates both the degree of change a given structure 
experiences during a simulation, and, when the slope of the RMSD over time is 
approximately zero, that the simulation has reached a quasi-stable state. It is 
predicted that the difference in RMSD between temperature treatments will be 
greater in the enzymes of UWO 241 than those of C. reinhardtii indicating greater 
heat lability.  
2. Secondary Structure; the number of residues participating in the secondary 
structure elements α-helices and β-sheets. These secondary structure elements 
stabilize enzyme structures through the bonding networks they establish, thus a 
greater number of residues participating in these structures results in a more stable 
protein. It is predicted that cold-active enzymes will have fewer residues in 
secondary structure. 
3. It has been hypothesized that the degree of hydrophobic packing of cold-active 
enzymes would be less than that observed in enzymes with higher temperature 
optima, as the interactions between hydrophobic amino-acid side-chains stabilize 
proteins. The bulk density of the protein would be lower in enzymes with a lower 
level of hydrophobic packing. 
4. The surface hydrophobicity of cold-active enzymes has been observed to be 
higher in comparison to classical enzymes (Siddiqui and Cavicchioli 2006). This 
difference could lead to a lower number of protein-solvent hydrogen bonds in 
cold-active enzymes. In addition, the H-bonding of the protein to the solvent is a 
constraint to the movement of the protein (Fenimore et al. 2002). Thus, the 
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number of protein-solvent hydrogen bonds of cold-active enzymes is predicted to 
be lower than those of classical enzymes.  
5. Within a protein molecule, hydrogen bonds are one means by which the stability 
of the structure is enhanced. It is predicted that cold-active enzymes will have 
fewer protein-protein hydrogen bonds. 
6. Salt bridges are another intra-molecular bond which forms between the acidic 
amino acids aspartic acid and glutamic acid, and the basic amino acids lysine, 
arginine and histidine. These bonds also stabilize enzyme structure, and it is 
predicted that cold-active enzymes will have fewer of these structures. 
Predictions regarding the difference in these metrics (Table 4.2) manifested in the cold-
active enzymes of UWO 241 are made on the basis of literature reviews (Siddiqui and 
Cavicchioli 2006, Åqvist et al. 2017).  
This study employs comparative MD to examine the differences in the regulatory 
enzymes of the CBB cycle between the model mesophilic alga C. reinhardtii and the 
emerging model psychrophilic alga C. sp. UWO 241. It is hypothesized that during the 
adaptation of UWO 241 to a low temperature environment, the amino-acid sequences of 
the regulatory enzymes of the CBB have accumulated changes which enhance their low-
temperature activity, but may compromise their activity at temperatures tolerated by the 
orthologous enzyme from C. reinhardtii. This study is, to our knowledge, the first to use 
MD to survey the enzymes of a biochemical pathway for evidence of cold adaptation and 
thus act as a guide for future studies of enzymatic cold-activity and the enzymatic basis 
of psychrophily. 
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Fig. 4.4 Combined space-filling and ribbon diagram of GAPDH from C. sp. UWO 
241. Representations of the metrics used to assess simulated enzymes for hallmarks 
of cold-activity are indicated.  
Table 4.2 Predicted differences in cold-active enzymes of C. sp. UWO 241 relative to 
the orthologous enzyme from C. reinhardtii. 
Metric Secondary 
Structure 
Density Protein-
Protein        
H-Bonds 
Protein-
Solvent        
H-Bonds 
Salt 
Bridges 
Predicted 
Difference 
in Cold-
Active 
Enzymes 
Less Lower Fewer Fewer Fewer 
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4.2 Methods 
4.2.1 Sequence Identification and Processing 
The amino acid sequences of the five CBB cycle regulatory enzymes (FBPase, GAPDH, 
PRuK, RCA1, SBPase) selected for molecular-dynamic simulation from C. reinhardtii 
were obtained from the Protein database of the National Center for Biotechnology 
Information (www.ncbi.nlm.nih.gov). Orthologous nucleotide sequences for each of 
these proteins in UWO 241 were obtained using a tBLASTn search (Altschul et al. 1997) 
of assembled RNA-Seq data (Cvetkovska et al. 2018) using the C. reinhardtii protein 
sequences as queries. Protein sequences were predicted using an online tool 
(http://web.expasy.org/translate/). Since all of the CBB cycle regulatory enzymes are 
nuclear-encoded, putative chloroplast targeting transit peptide sequences were identified 
using the ChloroP (version 1.1; www.cbs.dtu.dk/services/ChloroP/) (Emanuelsson et al. 
1999) online tool. Following trimming of chloroplast target peptide sequences guided by 
ChloroP output, pairwise protein sequence alignments were computed using the built-in 
algorithm of CLC Main Workbench (Version 8.0.1, QIAGEN Aarhus A/S), using the 
default settings for a ‘very accurate’ alignment.  
4.2.2 Homology Modelling  
The primary amino acid sequence of the chloroplastic proteins were given secondary and 
tertiary structure through Homology Modelling. The Phyre2 (Protein Homology/analogy 
Recognition Engine, version 2.0) (www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) 
(Kelley et al. 2015) was used in intensive mode to calculate the three-dimensional shape 
of the CBB cycle proteins from C. reinhardtii and UWO 241. The output of Phyre2 was 
compared to orthologous proteins using the Chimera molecular visualization package 
(version 1.10.2; https://www.cgl.ucsf.edu/chimera/) (Pettersen et al. 2004): protein-pairs 
consisting of the Phyre2 output from each species were aligned with each-other using the 
Matchmaker function (using default settings) which calculates RMSD for the protein 
pair. The structures were tiled, and a visual assessment made of the quality of the 
modelling process. When the RMSD between the Homology Modeled structures was 
greater than 0.5 the models were deemed unsuitable and an alternative Homology 
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Modeling pipeline employing the SWISS-MODEL Homology Modelling server 
(https://swissmodel.expasy.org/)(Biasini et al. 2014) was used to model the enzyme in 
question from both species. In all cases one of the two Homology Modeling servers 
produced acceptable results.  
4.2.3 Molecular Dynamics 
Molecular Dynamics was performed using the GROMACS software package (version 
2016.3; www.gromacs.org)(Van Der Spoel et al. 2005)  using the GROMOS96 54a7 force 
field (Schmid et al. 2011). Homology-modelled protein structures were solvated in a 
dodecahedral box using the Simple Point Charge/ Extended (SPC/E) water model. 
Solvent ions were randomly replaced with Na+ and Cl- ions to a concentration of 0.1 M 
and such that the net system charge was zero (Cino et al. 2011). Energy minimization was 
performed employing the steepest descent algorithm for 50000 steps or until the 
maximum force on any atom was less than 1000 kJ/mol/nm. The solvent was equilibrated 
with respect to temperature at a constant volume (Number of molecules, Volume and 
Temperature held constant, or NVT ensemble) for 100 ps and subsequently equilibrated 
with respect to pressure at a constant temperature (Number of molecules, Pressure and 
Temperature held constant, or NPT ensemble) for 100 ps. Following these equilibration 
steps production MD was performed for 200 ns, a point at which the slope of RMSD/time 
was ~ zero, indicating that the enzyme simulation had reached a quasi-stable state. 
Simulations were performed on the GPU nodes of the monk and graham clusters of 
SHARCNET (https://www.sharcnet.ca). Each enzyme from each species was simulated 
at temperatures of 277 and 300K. Each simulation was performed in triplicate. 
Prior to analysis, the GROMACS trajectory conversion utility was used to remove 
periodic effects such as the fragmentation of the protein following its diffusion past the 
edge of the simulation box. The native analysis tools of the GROMACS package were 
used to calculate a variety of metrics (RMSD, Secondary structure (using DSSP (Kabsch 
and Sander 1983, Touw et al. 2015)), Bulk Density, Protein-Protein and Protein-Solvent 
Hydrogen bonds) from the corrected trajectory (Fig. 4.4). Salt Bridges were identified 
using the Calc. Salt Bridges function of the Timeline Analysis Extension of VMD 
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(version 1.9.3; http://www.ks.uiuc.edu/Research/vmd/) (Humphrey et al. 1996). The 
Timeline output (.tml) file was sorted to display the acidic residue of the salt bridges in 
order from amino- to carboxy-terminus using in-house bash and python scripts. The 
number of salt-bridges present in each (10 ps) frame were counted using in-house bash 
and python scripts.  
For display purposes, the results for the metrics were averaged over a 10 ns moving 
window using in-house bash and python scripts. Figures were composed using QtGrace 
for Windows (version 0.2.5a; https://sourceforge.net/projects/qtgrace/). The Salt Bridge 
results were only calculated for monomeric GAPDH due to software limitations.   
4.2.4 Statistical Analysis 
For statistical analysis, the value of each of the metrics was averaged over the last 40, 20, 
10, 5 and 2.5 ns of the simulation. A 2-way analysis of variance (ANOVA) using 
temperature and species as factors was calculated for the time-averaged values from each 
of the periods for each metric (Microsoft Excel Version 2013, Analysis ToolPak, 
ANOVA: Two-factor with replication) with a p-value of 0.05.  
4.2.5 Oligomerization of GAPDH 
The quaternary structure of GAPDH was replicated for Molecular Dynamics simulations. 
An orthologous protein structure in the oligomeric state was available in the PDB 
(Arabidopsis GAPDH tetramer 3QV1). Tetrameric GAPDH was modeled using the 
subunit organization of this PDB structure as a template. Briefly, the template oligomeric 
structure was loaded into Chimera, along with the appropriate number of monomers from 
either C. reinhardtii or UWO 241. The monomers were superimposed over each subunit 
of the template oligomer using the Matchmaker function, then the template oligomer was 
deleted, leaving the monomers of the species of interest with the oligomeric spatial 
arrangement. The atoms in the resulting co-ordinate file were re-numbered and given 
chain IDs manually. The tetrameric GAPDH structures were simulated as described 
above except the simulation duration was 500 ns for each replicate. 
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4.2.6 Truncation of Monomeric GAPDH 
The amino-terminal residues in GAPDH from C. reinhardtii (13 residues) and UWO 241 
(6 residues) were removed and the truncated protein sequences were Homology Modeled. 
The resulting truncated structures were simulated for 200 ns as described above. 
4.3 Results 
4.3.1 Sequence and Structure 
Amino acid sequence alignments for the five CBB cycle regulatory enzymes with their 
predicted transit peptide-sequences removed (Figs. 4.S1-4.S5) exhibited a high degree of 
amino acid identity between C. sp. UWO 241 and C. reinhardtii (Table 4.3). The Root 
Mean Square Deviation (RMSD) between two protein structures indicates the degree of 
difference in the shape of the amino-carboxy backbone of the two structures. This metric 
was calculated for each Homology Modeled CBB cycle enzyme pair from the two 
Chlamydomonas species. It was found that RMSD values follow a generally inverse-
proportional relationship with the percent identity of the primary sequence (Table 4.3), 
indicating that more divergent sequences between C. reinhardtii and UWO 241 were 
associated with less similar three-dimensional molecular shapes.   
Table 4.3 Primary structure similarity and tertiary structure difference of various 
CBB cycle enzymes from C. sp. UWO 241 and C. reinhardtii. 
Enzyme 1° Structure Alignment 
Percent Identity                                  
(%) 
3° Structure Backbone 
RMSD                                 
(Å) 
FBPase 75.27 0.379 
GAPDH 80.45 0.178 
PRuK 86.71 0.291 
RCA1 83.56 0.104 
SBPase 78.90 0.495 
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4.3.2 Molecular Dynamics of GAPDH – Visual Assessment of 
Data 
Two hundred nanosecond Molecular-Dynamic simulations were performed in triplicate 
for the five CBB cycle regulatory enzymes at temperatures of 277 and 300K. Since it was 
found that the highest number of significant temperature and/or species effects 
confirming predictions (Table 4.2) were associated with GAPDH (see below), only the 
GAPDH results through the course of each simulation are shown for brevity. 
Representative models of GAPDH from the beginning, middle and end of the 200 ns 
simulations at 277 and 300K are shown in Fig. 4.5. 
4.3.2.1 RMSD 
The RMSD, which describes the difference in the shape of the amino to carboxy 
backbone between the starting structure and the structure at a given time point, was 
examined over the final 50 ns to confirm that the slope was zero or close to zero. This 
indicates that the structure had stopped changing its degree of difference relative to the 
starting structure over time, thus was in a quasi-stable state. For GAPDH at 277 and 
300K this can be seen both in the raw data (Fig. 4.6), where red, orange and yellow 
indicate UWO 241 and green, blue and violet represent C. reinhardtii, as well as the 10 
ns time averaged data (Fig. 4.7). There is a clear separation in RMSD values between the 
three C. reinhardtii replicates (dashed red/pink/orange lines) and those for UWO241 
(solid blue lines) at 277K (Fig. 4.7A). However this separation is absent from the 300K 
simulations (Fig. 4.7B). At the endpoint of the simulation (Fig. 4.7) there are clear 
species effects in the 277K simulations (Fig. 4.7A) and a temperature effect which is 
more pronounced in UWO 241 (Fig. 4.7 A and B). The RMSD results show that the 
backbone shape of GAPDH from UWO 241 is more affected by temperature than that 
from C. reinhardtii.  
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Fig. 4.5 Representative ribbon cartoons of GAPDH from C. reinhardtii and UWO 
241 at various simulation time-points from 277 and 300K simulations. Blue ribbon-
end represents the amino-terminus, and the red ribbon-end represents the carboxy-
terminus. 
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Fig. 4.6 Root Mean Square Deviation of the protein backbone of GAPDH from C. 
reinhardtii and C. sp. UWO 241 through 200 ns of simulation at A) 277K and B) 
300K. 
 
 
Fig. 4.7 Ten nanosecond moving average Root Mean Square Deviation of the protein 
backbone of GAPDH from C. reinhardtii and C. sp. UWO 241 through 200 ns of 
simulation at A) 277K and B) 300K. 
A) 277K     B) 300K 
A) 277K     B) 300K 
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4.3.2.2 Number of Residues in Secondary Structure 
For legibility, subsequent plots depict only the ten-nanosecond moving average of the 
metrics used to describe the simulated systems, and use the established colour scheme 
where metrics for C. reinhardtii are depicted in dashed red/pink/orange lines and metrics 
for UWO 241 in solid blue lines. Amino-acid residues participating in secondary 
structure elements α-helices and β-sheets stabilize protein structures. The number of 
residues from GAPDH participating in secondary structures appear to be similar in C. 
reinhardtii and UWO 241 (Fig. 4.8A and B). Between temperatures, the number of 
residues in secondary structures may be marginally lower at 300K (Fig. 4.8). The 
secondary structure results suggest that while the number of residues in secondary 
structure may be lower at 300K in both species, the amount of stability-enhancing 
secondary structure is not different between C. reinhardtii and UWO 241 at either 
temperature. 
 
 
 
Fig. 4.8 Ten nanosecond moving average number of residues in secondary structure 
of GAPDH from C. reinhardtii and C. sp. UWO 241 through 200 ns of simulation at 
A) 277K and B) 300K. 
A) 277K     B) 300K 
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4.3.2.3 Bulk Density 
The density of cold-active enzymes may be lower than that of enzymes with higher 
temperature optima; smaller hydrophobic side-chains in protein interiors would have 
fewer stabilizing contacts. The density of GAPDH from C. reinhardtii and UWO 241 did 
not appear to differ from each-other at 277 or 300K (Fig. 4.9A and B). The density of the 
300K simulations is slightly lower than those conducted at 277K (Fig. 4.9B and A). The 
results show that GAPDH density was similar in C. reinhardtii and UWO 241 at the two 
temperatures, and that density may be marginally lower at 300K. Thus, it is unlikely that 
there was a lower level of hydrophobic packing in GAPDH from UWO 241. 
 
 
Fig. 4.9 Ten nanosecond moving average of protein density of GAPDH from C. 
reinhardtii and C. sp. UWO 241 through 200 ns of simulation at A) 277K and B) 
300K. 
4.3.2.4 Number of Protein-protein H-bonds 
Protein-protein hydrogen bonds stabilize protein structure, thus may be less abundant in 
more flexible, cold-active enzymes. There tended to be fewer protein-protein H-bonds in 
GAPDH at 300K than at 277K (Fig. 4.10 B and A). At the end point of the 300K 
simulation there are fewer protein-protein H-bonds in UWO 241 than in C. reinhardtii at 
300K (Fig. 4.10B). Thus, at 300K but less so at 277K, there were fewer protein-
stabilizing intramolecular H-bonds in GAPDH from UWO 241 than from C. reinhardtii.  
A) 277K     B) 300K 
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4.3.2.5 Number of Protein-solvent H-bonds 
Protein-solvent hydrogen bonds stabilize the protein by connecting it to the solvent 
through bonds to protein-surface hydrophilic residues. There tended to be more protein-
solvent H-bonds in GAPDH from both species at 277K than at 300K (Fig. 4.11 A and B). 
At the end of the 277K simulation there are fewer protein-solvent H-bonds in UWO 241 
than in C. reinhardtii (Fig. 4.11A), but this difference is not clearly present amongst the 
300K simulations (Fig. 4.11B). In GAPDH from UWO 241, fewer protein-stabilizing 
protein-solvent H-bonds were present than in GAPDH from C. reinhardtii.  
 
 
Fig. 4.10 Ten nanosecond moving average of protein-protein hydrogen bonds of 
GAPDH from C. reinhardtii and C. sp. UWO 241 through 200 ns of simulation at A) 
277K and B) 300K. 
  
A) 277K     B) 300K 
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Fig. 4.11 Ten nanosecond moving average of protein-solvent hydrogen bonds of 
GAPDH from C. reinhardtii and C. sp. UWO 241 through 200 ns of simulation at A) 
277K and B) 300K. 
 
4.3.2.6 Number of Salt Bridges 
Salt bridges are another type of intra-molecular bond which stabilize protein tertiary 
structure and are less abundant in cold-active enzymes. Representative plots depicting the 
presence of salt bridges at 277 and 300K (Figs. 12 and 13, respectively) in GAPDH from 
UWO 241 and C. reinhardtii are shown, where the presence of a salt bridge is indicated 
by white pixels. In these plots the acidic participants in salt bridges from the amino- to 
carboxy-end are arranged on the y-axis from top to bottom. At 277K (Fig. 4.12 A and B) 
and 300K (Fig. 4.13 A and B) there are a greater abundance of salt bridges in C. 
reinhardtii than in UWO 241. Thus, GAPDH from C. reinhardtii exhibits more protein-
stabilizing salt bridges than GAPDH from UWO 241.  
  
A) 277K     B) 300K 
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Fig. 4.12 Representative protein salt-bridge presence in GAPDH from A) C. 
reinhardtii and B) C. sp. UWO 241 through 200 ns of simulation at 277K. Acidic 
amino-acids involved in salt bridges are arranged on the y-axis from top to bottom 
corresponding to the amino to carboxy terminus. White bars indicate salt bridge 
presence between a particular pair at a given time. 
 
 
Fig. 4.13 Representative protein salt-bridge presence in GAPDH from A) C. 
reinhardtii and B) C. sp. UWO 241 through 200 ns of simulation at 300K. Acidic 
amino-acids involved in salt bridges are arranged on the y-axis from top to bottom 
corresponding to the amino to carboxy terminus. White bars indicate salt bridge 
presence between a particular pair at a given time. 
A) C. reinhardtii    B) C. sp. UWO 241 
A) C. reinhardtii    B) C. sp. UWO 241 
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4.3.3 Statistical Analysis of MD Metrics for GAPDH 
The final values of the 10 ns moving averages of the metrics used to assess enzyme 
flexibility (Figs. 4.6 – 4.11) for each species at the simulation temperatures 277 and 300K 
were input into a 2-way ANOVA. This procedure identified significant temperature 
and/or species effects in the results for GAPDH (Table 4.4), where metrics exhibiting 
species effects are highlighted in green, metrics exhibiting temperature effects are 
highlighted in blue, and metrics exhibiting temperature and species effects are 
highlighted in yellow (Table 4.4). The number of black and red asterisks indicate the 
significance level of the species and temperature effects respectively (Table 4.4), where * 
~ p < 0.05;  ** ~ p < 0.01;  *** ~ p < 0.005;  **** ~ p < 0.001. Significant temperature 
and species effects were found in the number of protein-protein H-bonds, the number of 
protein-solvent H-bonds and the RMSD, indicated by yellow highlighting in Table 4.4, 
while significant species effects were found in the number of salt bridges, indicated by 
green highlighting in Table 4.4. These results show that: (1) the change in shape of the 
amino to carboxy backbone of GAPDH from UWO 241 through the course of the 277K 
simulation was significantly less than in the other three simulations, as indicated by the 
RMSD (Table 4.4), (2) there were significantly fewer protein-stabilizing protein-protein 
H-bonds in the GAPDH from UWO 241 and at higher temperatures, when H-bonds are 
weaker (Table 4.4), (3) significantly fewer protein-solvent H-bonds formed in 
simulations of GAPDH from UWO 241 and at higher temperatures (Table 4.4), and (4) 
that there were significantly fewer protein-stabilizing salt bridges in GAPDH from UWO 
241 (Table 4.4).  
4.3.4 Statistical Analysis of MD Metrics for Other CBB Cycle 
Enzymes 
The corresponding results from each of the other four simulated CBB cycle enzymes 
were subjected to the same averaging (not shown) and statistical calculations (Table 4.5). 
The scheme for highlighting significant temperature, species, and both temperature and 
species effects in blue, green and yellow respectively, used in Table 4.4 is also used in 
Table 4.5, as is the indication of significance levels for species and temperature effects 
using black and red asterisks.  
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4.3.4.1 FBPase 
In FBPase from C. reinhardtii and UWO 241, there were significant temperature effects 
for protein density and protein-protein H-bonds, and both temperature and species effects 
in protein-solvent H-bonds (Table 4.5). This indicates that the different temperatures of 
the simulations had a greater effect on the metrics analyzed than did the differences 
between the enzymes from C. reinhardtii and UWO 241. 
4.3.4.2 PRuK 
Significant species effects were present in the density of PRuK, temperature and species 
effects in the number of protein-solvent H-bonds in this enzyme, and temperature effects 
in its RMSD values (Table 4.5). The statistics show that this enzyme had a the same 
number of significant temperature and species effects, indicating that, for PRuK, the 
temperature and species treatments had effects of similar magnitude. 
4.3.4.3 RCA1 and SBPase 
Meanwhile, for both RCA1 and SBPase, significant temperature effects alone were found 
in the results for these enzymes’ protein-solvent H-bonds (Table 4.5). 
Taken together, Tables 4.4 and 4.5 indicate the significant effects found across the 
metrics used to assess the potential flexibility of CBB cycle regulatory enzymes from C. 
reinhardtii and UWO 241. These tables show that a wide range of patterns of significant 
effects was present in the enzymes of the CBB cycle analyzed here. As can be seen 
(Tables 4.4 and 4.5), GAPDH was the enzyme with the highest number of significant 
species effects. These species effects also confirmed the most predictions (Table 4.2) 
about cold-active enzymes (see below). The number of significant species effects in 
PRuK and FBPase were two and one, respectively, while no significant species effects 
were detected for RCA1 and SBPase (Table 4.5).  
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Table 4.4 Mean ± SD of 
various molecular metrics 
from last 10 ns of three 
replicate 200 ns simulations 
of GAPDH from C. 
reinhardtii and C. sp. UWO 
241 
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Table 4.5 Mean ± SD of various molecular metrics from last 10 ns of three replicate 
200 ns simulations of various CBB cycle enzymes from C. reinhardtii and C. sp. 
UWO 241 
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4.3.5 Tetrameric GAPDH 
To assess the effects of tetramerization on the stability of GAPDH from UWO 241 
compared to that of C. reinhardtii, 500 ns MD simulations were conducted on the 
oligomeric structure of GAPDH (Fig. 4.14).  
 
Fig. 4.14 Ribbon cartoon of starting tetrameric GAPDH structure from C. 
reinhardtii and UWO 241. 
As with the 200 ns simulation of the monomeric structures, the averages of the last 10 ns 
of the simulation for each metric were tested using a two-way ANOVA, and metrics 
exhibiting significant effects are highlighted. Tetrameric GAPDH exhibited significant 
species-effect differences in secondary structure, density and protein-protein H-bonds, 
while species and temperature effects were present in protein-solvent H-bonds (Table 
4.6). Additionally, the number of residues in secondary structures was significantly lower 
in UWO 241 than in C. reinhardtii, as was the number of protein-protein hydrogen bonds 
(Table 4.6)(F > 5.318, p < 0.05). The same number of metrics in tetrameric GAPDH 
exhibited significant effects, however the pattern of significant effects in the oligomeric 
structure differed from those observed for monomeric GAPDH (Tables 4.4 and 4.6). 
Where secondary structure and density did not exhibit species effects in the monomer, 
these metrics did in tetrameric GAPDH (Tables 4.4 and 4.6). In the tetramer protein-
protein H-bonds exhibited a very highly significant (p < 0.001) species effect, but no 
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temperature effect, where both temperature and species effects were present in the 
monomer (Tables 4.4 and 4.6). The number of protein-solvent H-bonds exhibited 
temperature and species effects in both the monomer and tetrameric GAPDH, but while 
there were fewer protein-protein H-bonds in monomeric GAPDH from UWO 241 than in 
C. reinhardtii, tetrameric GAPDH from UWO 241 had a greater number of these bonds 
than C. reinhardtii (Tables 4.4 and 4.6). The RMSD, which did exhibit significant 
temperature and species effects in the monomer, did not exhibit either of these effects in 
the tetramer (Tables 4.4 and 4.6).  
4.3.6 Truncated GAPDH 
As is apparent from the 7 amino-acid gap at the beginning of the alignment of GAPDH 
from UWO 241 and C. reinhardtii (Fig. 4.S2), the ChloroP program computed different 
chloroplast-targeting peptide cleavage sites in the GAPDH in these two species, resulting 
in a mature protein which possessed 7 more amino-terminal residues in C. reinhardtii 
than in UWO 241. When these sequences were homology-modeled, a differing topology 
was predicted for the amino-terminal 12 residues, and the corresponding 5 amino-
terminal residues in C. reinhardtii and UWO 241 respectively. To determine the effect 
this differing protein length and amino-topology on the molecular-dynamic simulations, 
these residues were eliminated in silico from the primary sequence and the truncated 
protein from each species was re-modeled (Fig. 4.15) and re-simulated using the same 
procedures. The truncation of GAPDH at the amino end led to a significant species effect 
being confirmed in the number of salt bridges alone (Tables 4.4 and 4.7) while species 
and temperature effects were not confirmed for the other metrics where significant 
differences were observed in the full length GAPDH. Specifically, protein-protein H-
bonds exhibited temperature and species effects in the full length proteins where no effect 
was found in truncated protein (Tables 4.4 and 4.7). For protein-solvent H-bonds, 
temperature and species effects were found in full length GAPDH, while only 
temperature effects were found in truncated GAPDH (Tables 4.4 and 4.7). In full length 
GAPDH, the RMSD exhibited temperature and species effects that were absent in the 
truncated protein (Tables 4.4 and 4.7). Thus, the effects observed in the full-length  
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Table 4.6 Mean ± SD of 
various molecular metrics 
from last 10 ns of three 
replicate 500 ns 
simulations of tetrameric 
GAPDH from C. 
reinhardtii and C. sp. 
UWO 241 
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GAPDH which were not confirmed in the truncated form can be considered to be due to 
the differential amino-terminus of the proteins from the two species. 
4.3.7 Robustness of Statistical Tests 
The robustness of the ANOVA to changes in the length of the averaging period was 
assessed by averaging the values of the metrics over the last 40, 20, 10, 5 and 2.5 ns of 
each simulation. This analysis was performed for all results reported in Tables 4.4, 4.5, 
4.6 and 4.7 with the exception of the salt bridge results. The final values from these 
averaging periods were used as the input for the two-way ANOVA test for temperature 
and species effects. The consistency of the statistical findings across the different 
averaging periods was high (Table 4.8). Over 80% of the reported significant findings 
were present in all 5 of the averaging period lengths. Thus, I conclude that the results 
reported for the various metrics are independent of the averaging period (Table 4.8). 
None of the reported significant effects found using an averaging period of 10 ns were 
present in less than three of the averaging periods. 
4.3.8 Species-effect Predictions 
Predictions regarding the differences that would be observed between orthologous 
enzymes from C. reinhardtii and UWO 241 were made based on the observation that 
cold-active enzymes are in general more flexible that those from organisms with higher 
temperature niches (Table 4.2). For the metrics which exhibited significant species 
effects (Tables 4.4 – 4.7), the results were examined to determine whether they supported 
these predictions (Table 4.9). Significant species effects which supported the prediction 
are indicated with check-marks (✔) and where the significant species effect contradicted 
predictions an ‘x’ appears (✖) (Table 4.9). An ‘o’ indicates that the prediction was 
neither supported nor contradicted, that is there was no significant species effect (Table 
4.9). While for the most part the predictions were neither supported nor contradicted by 
the ANOVA results, it is also apparent that the GAPDH simulations were associated with 
the greatest number of correct predictions (Table 4.9). This suggests that GAPDH from 
UWO 241 exhibits greater flexibility than that of C. reinhardtii, and that this flexibility 
may allow low-temperature activity and be responsible for heat lability in this enzyme. 
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Fig. 4.15 Ribbon cartoons demonstrating effects of amino-terminus truncation on 
the Homology Modeled structures of GAPDH and truncated GAPDH in C. 
reinhardtii and UWO 241. The amino-terminus is depicted in the darkest blue shade 
and is indicated by an arrow. 
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Table 4.7 Mean ± SD of 
various molecular metrics 
from last 10 ns of three 
replicate 200 ns simulations 
of truncated GAPDH from 
C. reinhardtii and C. sp. 
UWO 241 
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Table 4.8 Consistency of two-way ANOVA findings of significance over five 
averaging periods ranging from the last 40 to 2.5 ns 
 
 
 
 
 
 
Table 4.9 Confirmation (✔) or contradiction (✖) of species-effect predictions by 2-
way ANOVA tests of molecular flexibility-related metrics calculated from 
simulations of CBB cycle regulatory enzymes from C. reinhardtii and C. sp. UWO 
241. o ~ no significant species effect; NA ~ Not assessed. 
 Secondary 
Structure 
Density Protein-
Protein H-
bonds 
Protein-
Solvent H-
bonds 
RMSD Salt 
Bridges 
FBPase o o o ✔ o NA 
GAPDH o o ✔ ✔ ✔ ✔ 
PRuK o ✔ o ✖ o NA 
RCA1 o o o o o NA 
SBPase o o o o o NA 
Tetrameric 
GAPDH 
✔ ✖ ✔ ✖ o NA 
Truncated 
GAPDH 
o o o o o ✔ 
  
 
Consistency 
Temperature 
Effect 
Species 
Effect 
Temperature 
and Species 
Effects 
Overall 
Consistency 
5/5 Periods 5 3 5 13 
4/5 Periods 0 0 1 1 
3/5 Periods 1 1 0 2 
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4.4 Discussion 
Based on trends observed in enzymes from organisms active to a range of temperatures, I 
hypothesized that the higher flexibility of cold-active enzymes would result from reduced 
hydrophobic packing in the protein interior, a lower number of intra-molecular bonds 
(hydrogen bonds and salt bridges), fewer residues involved in stabilizing secondary 
structure elements, and less protein-solvent hydrogen bonds. Metrics that reflect these 
structural characteristics were calculated from MD simulations of regulatory enzymes of 
the CBB cycle from the psychrophile UWO 241 and the related model mesophile C. 
reinhardtii, and the results used to survey these enzymes for indications of cold-activity.  
The metrics used to describe the system state were selected based on their relation to the 
movement and flexibility of the simulated enzyme. The metric which most consistently 
exhibited significant differences between treatments was the number of protein-solvent 
hydrogen bonds. There were significant temperature and, in some cases, both temperature 
and species effects in every simulation. Moreover, most of the temperature effects were 
associated with p-values of < 0.001. The protein-solvent hydrogen bond results provide 
support for the use of MD in that they indicate both the sensitivity of the technique, as the 
differences were detected between simulations at temperatures of 277 and 300K, as well 
as its precision, as the between-replicate error was sufficiently low for most of the 
findings to be highly significant. In all cases, the temperature effect observed in protein-
solvent hydrogen bonds was that there were fewer bonds at the higher simulation 
temperature. This is consistent with H-bonds being stronger at lower temperatures 
(Russell 2000).  
The consistency of the outcomes of statistical tests for the metrics was assessed across 
five averaging periods ranging from the last 40 to the last 2.5 ns of the simulations. The 
results of the 2-way ANOVA tests showed that the findings of significant effects was 
nearly averaging period-independent (Table 4.8). This provides support both for the 
averaging period selected, i.e. average of the last 10 ns, and for the sensitivity of MD and 
the precision of the selected metrics.  
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The hypothesis that the cold-active enzymes from UWO 241 would exhibit a greater 
flexibility than orthologous enzymes from C. reinhardtii in the MD simulations led to 
species-based predictions regarding four metrics plus the number of salt bridges in 
GAPDH (Table 4.2) and a combined temperature and species prediction regarding the 
RMSD metric. Correct predictions regarding species-based differences were not strongly 
associated with any metric (Table 4.9). There were, however, more correct predictions 
made about GAPDH than about any other enzyme. This suggests that, of the enzymes 
analyzed, GAPDH from UWO 241 exhibits the most flexibility relative to its orthologue 
from C. reinhardtii, and thus is most likely to be labile in response to moderate 
temperatures.  
Chloroplastic GAPDH produces Glyceraldehyde-3-phosphate, the three carbon sugar-
phosphate exported from the chloroplast for use in the cytoplasm, as well as serving as a 
substrate for other enzymes in the CBB cycle (Fig. 4.3). Thus, this enzyme is not only 
important in continued turnover of the CBB cycle, but also lies at the nexus of the CBB 
cycle and general cellular energetics. Since the highest number of correct predictions 
were associated with GAPDH, this enzyme was selected for additional simulations to 
determine the characteristics of GAPDH tetramers and of GAPDH monomers with the 
variable amino-terminal residues removed, i.e. truncated GAPDH. Analysis of these 
simulations showed that tetrameric GAPDH had a different pattern of confirmed and 
incorrect predictions than the monomeric form. The one confirmed prediction in common 
with monomeric GAPDH form was the lower number of protein-protein H-bonds (Table 
4.9). Truncated GAPDH also exhibited a different pattern of correct and incorrect 
predictions from the full-length and tetrameric forms. The only significant species effect 
present in truncated GAPDH was for a lower number of salt bridges in UWO 241, a 
finding which was consistent with both the prediction and the full-length form of the 
protein. Considered together, the patterns of confirmed predictions for the full-length, 
tetrameric and truncated forms of GAPDH underscore the importance of having fewer 
bonds in the flexibility of putatively cold-active enzymes. The findings that UWO 241 
had fewer protein-protein hydrogen bonds in the monomer and tetramer as well as fewer 
salt bridges in the monomer and truncated monomer indicates that GAPDH has fewer of 
the protein-protein bonds which stabilize enzyme structure. This provides support for the 
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hypothesis that GAPDH from UWO 241 is more flexible and thus is potentially more 
cold-active than GAPDH from C. reinhardtii. The flexibility leading to cold-activity 
potentially makes GAPDH from UWO 241 more heat-labile than that of C. reinhardtii. 
Thus, GAPDH could be the source of the observed temperature limitation in the CBB 
cycle in UWO 241 and contribute to the psychrophily of this cold-active species.  
The GAPDH tetramer exhibited significant species effects in four of the five assessed 
metrics (Table 4.6). While these effects confirmed predictions in only two cases (Table 
4.9), it is notable that this is the highest number of species-only effects detected for any 
protein examined here, and that the average significance level of these effects was also 
high. This could be due to the tetrameric GAPDH simulation resembling four replicates 
of a monomeric simulation, albeit replicates that are not truly independent of one another. 
The inclusion of the four monomers comprising the tetramer is, for the secondary 
structure metric, akin to ‘averaging’, specifically summing without dividing, the value for 
the monomer; for secondary structure the tetramer is roughly four times the values 
observed in the monomeric simulations. For other metrics, such as the number of protein-
protein and protein-solvent hydrogen bonds, the metrics for the tetrameric protein are 
affected by the context of each monomer within the tetramer, and are not roughly four 
times the value of monomer. The inter-subunit interfaces of the tetramer are converted 
from potential sites of protein-solvent H-bonds in the monomer to potential sites of 
protein-protein H-bonds in the tetramer, leading to enrichment in the number of protein-
protein H-bonds in the tetramer, and depletion in the number of protein-solvent hydrogen 
bonds relative to four individual monomers. 
The cold-active (Crespim et al. 2016) GH1 β-glucosidase from the psychrophilic 
Exiguobacterium antarcticum B7 has been subjected to an in-depth structural comparison 
based on crystal structures and MD (Zanphorlin et al. 2016). Through comparison of 
crystal structures, E. antarcticum B7 GH1 β-glucosidase has been shown to adopt a 
tetrameric arrangement that differs from the conformation seen in other GH1 β-
glucosidases (Zanphorlin et al. 2016). This change is mediated through sequence 
differences in the enzyme from the psychrophile that are largely localized to solvent-
exposed surface loops (Zanphorlin et al. 2016). While confidence in the MD analysis 
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used in this study is undermined by the direct comparison of simulations of the tetrameric 
enzyme from E. antarcticum B7 with those of a monomeric unit of the enzyme from a 
related organism (Zanphorlin et al. 2016), the suggestion that oligomerization state and 
orientation could play a role in cold-activity is compelling. Protein-protein H-bonds 
stabilize proteins, whether they are within a protein or between subunits of an oligomeric 
complex (Siddiqui and Cavicchioli 2006). The flexibility that allows enzymatic cold-
activity can result from a decrease in inter-subunit contacts (Table 4.1)(Siddiqui and 
Cavicchioli 2006) or even a reduction in oligomerization state. What is described for E. 
antarcticum B7 GH1 β-glucosidase represents an even more complicated evolutionary 
story. A change in the orientation of subunits would require a weakening of bonds over 
the original contact surfaces, a strengthening of the potential bonds over the new contact 
surfaces, or both. Given the observation that inter-subunit contacts are weaker in cold-
active proteins, this would be expected to take place in the context of a general 
weakening of these contacts. This describes a complicated series of mutations leading to 
the evolution of a novel oligomerization orientation in E. antarcticum B7 GH1 β-
glucosidase.  
The calculation of MD trajectories do require considerable computing resources, however 
the availability of computing power over time has increased. This increase in computing 
power presents opportunities to use techniques related to MD which better describe the 
physics of the protein molecules. Molecular Dynamics is an implementation of a 
Newtonian model of sub-molecular processes, in which quantum-mechanical processes 
such as the making and breaking of covalent bonds cannot be modelled. Modelling an 
entire system using quantum mechanics would consume a large amount of computing 
power, and not be necessary to adequately describe the majority of the enzyme. Quantum 
mechanics/molecular mechanics (QM/MM) is a blended approach which uses and 
quantum mechanics for the portions of the enzyme-substrate system which require 
Quantum Mechanical modelling, and a Newtonian approach for the remainder of the 
system. This approach could be used to model enzyme-mediated catalysis, which could 
provide us with more information regarding the activity of cold-active enzymes.  
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This study represents, to my knowledge, the first use of MD as a technique to survey a 
biochemical pathway. In this instance the characteristic the survey seeks to identify is 
enzymatic heat-lability that may be an indicator of cold-activity. This approach has the 
advantage over wet-lab based techniques for screening enzymes for cold-activity in the 
higher throughput available to this technique. The atomic level resolution of the in silico 
approach could also be used to make and test hypotheses regarding the specific 
differences in cold-active enzymes that destabilize their structure through in silico 
mutagenesis. However, wet lab experiments are still be needed to validate MD results, as 
is the case in this study. 
This study examines the regulatory enzymes of the CBB cycle from the psychrophile 
UWO 241, in which this cycle has been shown to be heat-labile, and compares them to 
their orthologues from C. reinhardtii. The regulatory enzymes from this pathway from 
both species were subjected to Homology Modeling and Molecular Dynamic simulations, 
from which various metrics related to protein flexibility were calculated. In the 
simulations of various forms of GAPDH, these metrics showed that the enzyme from 
UWO 241 exhibited fewer of the stabilizing protein-protein bonds, namely H-bonds and 
salt bridges, than GAPDH from C. reinhardtii. The absence of these bonds could result in 
a more flexible GAPDH in UWO 241 which is more cold-active and heat-labile than its 
orthologue from C. rehinhartdii. This finding provides an explanation for the reduction in 
photosynthesis observed in UWO 241 above 25°C which may play in important role in 
the psychrophily of this Antarctic species. 
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4.6 Supplemental Materials 
 
Fig. 4.S1 Amino acid alignment of FBPase from C. sp. UWO 241 and C. reinhardtii.  
 
Fig. 4.S2 Amino acid alignment of GAPDH from C. sp. UWO 241 and C. reinhardtii.  
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Fig. 4.S3 Amino acid alignment of PRuK from C. sp. UWO 241 and C. reinhardtii.  
 
 
Fig. 4.S4 Amino acid alignment of RCA1 from C. sp. UWO 241 and C. reinhardtii.  
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Fig. 4.S5 Amino acid alignment of SBPase from C. sp. UWO 241 and C. reinhardtii.  
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Chapter 5  
5 Discussion and Future Investigations 
Previous studies of C. sp. UWO 241 have focused mainly on characteristics of its growth 
at low temperatures. Few of the described traits, however, commit UWO 241 to its 
thermal niche. The experiments described in this thesis were designed to shed light on 
characteristics of this organism that give rise to its psychrophily. I have provided 
phylogenetic/evolutionary, physiological and enzymatic explanations of why this species 
is unable to tolerate temperatures at or above 20°C. This knowledge will help to guide 
future investigations of UWO 241 itself and related organisms, the cold-adaption of 
photosynthesis, and psychrophiles generally, and it describes a new sequence-based 
approach to investigating the thermal characteristics of enzymes. 
5.1 Scientific contributions 
5.1.1 Enzymatic Basis for Psychrophily in C. sp. UWO 241 
Integration of previous studies of whole-cell photosynthetic carbon fixation (Dolhi 2014) 
and oxygen evolution (Pocock et al. 2007) in UWO 241 leads to the conclusion that an 
element of the CBB cycle other than RUBISCO (Dolhi 2014) is responsible for the 
decline in photosynthesis at temperatures above 25°C in this species. Homology 
modeling combined with molecular dynamics was used to simulate the regulatory 
enzymes of the CBB cycle. Metrics calculated from the MD trajectories exhibited 
significant species differences between some of the CBB cycle enzymes from UWO 241 
and C. reinhardtii. Some of these species-based differences confirmed predictions made 
about cold-active enzymes. This approach led to the identification of GAPDH from 
UWO 241 as a potentially cold-active, with the strongest evidence coming from metrics 
describing intra- and inter-molecular bonds, namely protein-protein H-bonds and salt 
bridges.  
This study represents, to my knowledge, the first use of the combination of Homology 
Modeling and Molecular Dynamics to survey the enzymes of a biochemical pathway. 
Previously, comparative MD has been used with enzyme pairs from a psychrophile and a 
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meso- or thermophile to confirm wet-lab biochemical and biophysical findings and in 
search of a sub-molecular level explanation of the basis of the enzymatic flexibility 
leading to the thermal lability that contributes to psychrophily (Pasi et al. 2009, Tiberti 
and Papaleo 2011, Sigtryggsdóttir et al. 2014, Khan et al. 2016, 2017, Zanphorlin et al. 
2016, Du et al. 2017, Michetti et al. 2017, Åqvist 2017). This study extends comparative 
MD by starting with the observation that a specific biochemical process is heat-labile and 
using comparative molecular-dynamic simulations to detect which enzyme is most likely 
to be responsible for the temperature limitation. 
5.1.2 Extensibility of the Homology Modeling – Molecular 
Dynamics Approach 
The Molecular Dynamic survey approach has a high level of applicability to other 
pathways and organisms, and with the ongoing growth in (1) protein sequence data and 
(2) computational power, it is possible that this technique will become widespread in the 
investigation of differential thermal effects between organisms and the thermal 
limitations of individual organisms. Metabolomic, proteomic or transcriptomic data could 
be used to identify pathways which are temperature-limited by excessive heat. 
Specifically, the pattern of enrichment or depletion of metabolites following a 
temperature shift could indicate the particular pathways and steps impacted by 
temperature changes. Similarly, if the regulation of transcription and translation are 
appropriate for the biochemical challenges of a temperature shift, the change in 
abundance of transcripts or proteins would help identify the limiting steps in biochemical 
pathways. The protein sequences for enzymes in the identified pathway would be readily 
obtained from RNA-Seq data if they are not already present in public databases. These 
sequences could then be entered into the Homology Modeling – Molecular Dynamics 
pipeline described here (Chapter 4) and metrics describing system flexibility calculated. 
Significant temperature effects detected with a statistical test could indicate whether heat 
lability is impeding performance. In an intra-specific comparison, significant species 
effects could indicate relative sensitivity to higher temperatures.  
The atomic-scale resolution of MD allows an analysis of the differences between a pair of 
enzymes which was beyond the scope of this thesis. This resolution allows molecular 
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dissection aimed at determining exactly which residues, atoms and bonds are responsible 
for differential enzymatic stability/flexibility between species or at different temperatures 
within the same species. This knowledge would inform in silico mutagenesis experiments 
(Papaleo et al. 2011, Fraccalvieri et al. 2012) which would assist in engineering a more 
heat/cold tolerant form of the enzyme in question. This approach could also lead to the 
identification of the specific amino-acid changes leading to the putative cold-activity in 
GAPDH from UWO 241 and thus add to the understanding of enzymatic cold-activity 
generally. 
5.1.3 System-wide Limitations in Protein Quality Control 
There is currently little information in the literature regarding heat stress and heat shock 
in psychrophilic organisms. Published studies involving psychrophilic yeasts point to an 
expression pattern of Heat Shock Proteins that differs from that of a related mesophile, 
with some HSPs absent altogether (Deegenaars and Watson 1997, 1998). On the basis of 
these studies it was predicted that as a psychrophile, UWO 241 would also have an 
aberrant complement of Heat Shock Proteins.  
Representative transcripts from all HSP families were found in UWO 241 using RT 
qPCR and RNA-Seq, but their patterns of expression were very different from those seen 
in C. reinhardtii. Using qPCR, UWO 241 exhibited high levels of every HSP-family 
transcript relative to C. reinhardtii except for HSP101, which was considerably higher in 
C. reinhardtii. Where antibodies were available to test protein levels, these results were 
confirmed for protein abundance by Western blotting. Together these results suggest that 
UWO 241 employs a strategy to avoid protein aggregation at a high cost, while C. 
reihhardtii, by expressing lower levels of smaller HSPs but high levels of HSP101 
mRNA, appears to tolerate protein aggregation which it could reverse with the HSP101 
gene product, ClpB.  
RNA-Seq of heat shocked cultures of UWO 241 and C. reinhardtii also illustrated that 
these two species have different responses to thermal challenge. While C. reinhardtii 
engages in a widespread and coherent change to its transcriptome in response to heat 
shock, the response of UWO 241 is much more muted and uncoordinated. Taken 
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together, the RT qPCR and Western blot results suggest that UWO 241 may indeed be 
simultaneously coping with multiple cold-induced challenges to protein quality control. It 
is generally accepted that the flexibility that allows the low-temperature activity of cold-
active enzymes comes at the cost of protein stability (Feller and Gerday 2003). However, 
protein stability curves are ‘arched’ (Sanfelice and Temussi 2016) (Fig. 5.1), thus the 
reduction in stability that leads to cold-activity could make an enzyme more, not less, 
susceptible to cold-denaturation (Fig. 5.1). This model is substantiated by observations of 
an actual enzyme (Feller et al. 1999), although where enzyme stability curves are broader 
(Feller and Gerday 2003) the cold-denaturation temperature of a cold-active enzyeme 
may remain below freezing. The small sample size of cold-active enzymes in this review 
(n=1) (Feller and Gerday 2003) makes it difficult to assess whether the actual cold-
denaturation point is likely to be close to physiologic temperatures for cold-active 
enzymes generally. Another explanation of why HSPs are expressed at high levels in 
UWO 241 relates to the initial folding of nascent peptides. Since (1) the free energy of 
folding is lower in cold active enzymes (Fig. 5.1)(Feller and Gerday 2003) and (2) the 
amount of free energy available allowing nascent peptides to explore conformational 
space is lower at psychrophilic growth temperatures, a greater abundance of HSP 
chaperones may be required to prevent protein aggregation while nascent peptides are 
initially folding. The combination of potential cold-denaturation and prolonged folding 
periods for nascent peptides would make prevention of protein aggregation a constant 
problem for UWO 241, and explains the constitutive expression of the agents of protein 
quality control, the HSP chaperones. The hypothesis that UWO 241 is ‘constitutively 
primed’ to prevent protein aggregation across its range of growth temperatures is 
supported by the HSP mRNA and protein abundances. However, when a greater 
challenge to protein quality control is encountered, such as in the temperature shift 
experiment, UWO 241 has little room to respond. With its level of HSP transcripts and 
proteins already at high levels, increasing them in the manner exhibited by C. reinhardtii 
would be ineffective if not impossible. This was not the pattern seen in psychrophilic 
yeasts; constitutive priming represents, to my knowledge, a previously undescribed 
response to the problems of preventing denatured proteins from aggregating due to 
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simultaneous low temperature denaturation and nascent protein misfolding in 
psychrophilic organisms. 
 
Fig. 5.1 Hypothetical stability curves for a warm-active (red circles) and cold-active 
(blue triangles) enzyme. Proteins spontaneously fold at temperatures at which their 
ΔG is greater than zero, and unfold at temperatures at which their ΔG is less than 
zero. In the cold-active enzyme the high temperature of denaturation is lower, and 
the low temperature of denaturation is higher than in the warm-active enzyme. 
5.1.4 Phylogenetic Roots of the Psychrophily of UWO 241 
The correct phylogenetic placement of an organism is important for the comparative 
aspects of biology, and practitioners have the responsibility to correct errors in the 
scientific literature of which they become aware. The aphorism “Never let the truth get in 
the way of a good story” has been attributed by some to Mark Twain. Independently of 
whether or not this attribution is true, this saying could well be applied to the 
classification of C. sp. UWO 241 as a strain of Chlamydomonas raudensis, a mesophilic 
alga from central Europe. This association was reportedly first concluded as a result of 
supposed morphological similarity noticed during a comparison of Transmission Electron 
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Micrographs. Later, DNA sequencing seemed to indicate that the ribosomal spacer 
sequences ITS1 and ITS2, as well as the 5.8S rDNA sequences were identical in these 
two isolates, leading to the classification of UWO 241 as a strain of C. raudensis. Since 
C. raudensis is a mesophilic organism, this presented an highly alluring opportunity to 
identify changes associated with psychrophily with a little to no phylogenetic noise 
confounding the signal of changes related to cold-adaptation. This opportunity was, 
however, based on the mistaken belief that these organisms shared identical ITS and 5.8S 
rDNA sequences, and was shown to be ‘too good to be true’ (Chapter 2). 
Presently, the isolate known to be most closely related to UWO 241 is Chlamydomonas 
sp. RCC2488, which was isolated from the Beaufort Sea north of the Yukon territory, 
Canada (Balzano et al. 2012). Similar to UWO 241, RCC2488 is a psychrophile (Chapter 
1). While this truth is clearly not as ‘good’ a story as that regarding C. raudensis, it does 
imply that the psychrophily of UWO 241 is an ancestral, not a derived state. Before the 
clarification regarding the relationship between UWO 241 and C. raudensis was issued 
(Possmayer et al. 2016), many studies were published with conjectures seemingly based 
on the understanding that UWO 241 arrived in the Antarctic as a mesophile. Evidence 
presented here suggests that this is not the case. Since both RCC2488 and UWO 241 are 
psychrophiles, it is probable that their most recent common ancestor was as well, rather 
than psychrophily having evolved twice independently in each lineage. 
5.2 Future Investigations 
5.2.1 Molecular Dynamics 
The identification of GAPDH from UWO 241 as a likely candidate for cold activity and 
heat lability needs to be validated with wet-lab biochemical and biophysical assays. This 
could involve either isolating the chloroplastic GAPDH from UWO 241 and C. 
reinhardtii (Scagliarini et al. 1998) or cloning, expressing and purifying heterologously 
produced enzyme (Sparla et al. 2002). Apart from measurements of enzyme activity at 
different temperatures (Sparla et al. 2002), assays such as Differential Scanning 
Calorimetry (Tosco et al. 2003) and circular dichroism spectroscopy (Greenfield 2006) 
indicate the degree of secondary structure of proteins, acrylamide mediated tryptophan 
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fluorescence quenching indicates the degree of protein flexibility (Collins et al. 2003) and 
the energy of substrate binding could be measured using isothermal titration calorimetry 
(Prodromou et al. 1997). These results of these experiments could confirm or refute the 
hypothesis that GAPDH in UWO 241 is cold-active and heat-labile. 
5.2.2 Revisiting UWO 241 as a Model Organism 
Previously, a number of authors speculated that the traits of UWO 241 they described 
were associated with its adaptation to the ‘extreme’ environment of Lake Bonney, 
characterized by high salinity, extremely low light enriched in the blue-green 
wavelengths of the spectrum and low temperature (Morgan et al. 1998, Morgan-Kiss et 
al. 2002, Pocock et al. 2007, 2011, Cvetkovska et al. 2017). This has led some to label 
UWO 241 a ‘poly-extremophile’ (Cvetkovska et al. 2018), and to claim that UWO 241 
has ’evolved … to cope’ specifically with the Lake Bonney environment (Cvetkovska et 
al. 2017). At the same time, some of these authors have suggested that UWO 241 is a 
good model for the cold adaptation of photosynthesis (Morgan-Kiss et al. 2006, 
Cvetkovska et al. 2017). Were UWO 241 as specifically adapted to an extreme 
environment as some suggest, the value of UWO 241 as a model for photosynthetic 
psychrophiles would be debatable. Good model organisms are not highly adapted to one 
specific habitat, particularly not one as unusual as some characterizations of Lake 
Bonney. However, a number of the claims regarding the specific adaptation of UWO 241 
to the Lake Bonney habitat, and how extreme a habitat Lake Bonney represents, do not 
tolerate scrutiny. For example, the salinity of Lake Bonney at the depth from which 
UWO 241 was collected (0.7M) has been characterized as being ‘high’ (Cvetkovska et al. 
2017). This salinity is, however, less than 20% greater than that of sea-water (~0.6M) and 
UWO 241 grows much faster at low salinities (Takizawa et al. 2009). Claims that aspects 
of the photosynthetic apparatus of UWO 241 are specific adaptations to the Lake Bonney 
environment are undermined by the finding that its closest known relative, 
Chlamydomonas sp. RCC2488, which was isolated from an open marine habitat in the 
Canadian arctic, has some of the same characteristics (Chapter 1). Additionally, the 
temperature of the waters from which UWO 241 was isolated are ~4°C year-round, a 
consequence of the perennial ice cover preventing wind-induced mixing. While some 
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authors choose to characterize this low temperature as a stressor, and a component of 
what makes the Lake Bonney environment ‘extreme’ (Cvetkovska et al. 2017), the 
stability of this aspect of the habitat is, in fact, a release from the stress of variable 
temperatures. Thus, it appears that the characterization of the Lake Bonney environment 
as extreme has been exaggerated as have been claims that UWO 241 is specifically 
adapted to the conditions of Lake Bonney. By rejecting these interpretations of the 
specificity of UWO 241’s adaptations, and characterization of its natural habitat as 
extreme, I suggest there is evidence that UWO 241 may tell us more about cold-adapted 
photosynthetic organisms generally, and thus may properly serve as a model for the cold-
adaptation of photosynthesis. 
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